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ABSTRACT
FORMATION AND GROWTH OF POLYELECTROLYTE-SURFACTANT
COMPLEXES: AN IN DEPTH STRUCTURAL AND THERMODYNAMIC
INVESTIGATION
SEPTEMBER 2007
RICHARD G. NAUSE, B.S., UNIVERSITY OF SOUTHERN MISSISSIPPI
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professors David A. Hoagland and Helmut H. Strey
The proposed dissertation research project will examine the behavior of
polyelectrolytes in the presence of oppositely charged surfactants. When polyelectrolytes
and surfactants of opposite charge are mixed at a stoichiometric charge ratio, they self-
assemble into highly ordered complexes. These types of assembly processes have been
well documented in the past, but a great deal still remains to be understood.
The proposed research will specifically be related to the examination of the
thermodynamics associated with polymer/surfactant interactions, the morphological
sensitivity to surfactant concentration, and the overall effect of ionic strength on
aggregation. We have chosen to study a number of polyanions, of varying hydrophobic
character and charge density to determine how they will interact with the cationic
surfactant, cetyltrimethylammonium chloride (CTAC). Structural evaluation of
complexes will be accomplished using small-angle neutron scattering (SANS) to examine
soluble complexes, while insoluble precipitates will be examined through small-angle X-
ray scattering (SAXS).
vi
Thermodynamic investigations will be carried out through the use of isothermal titration
microcalorimetry in conjunction with potentiometry. The enthalpic data is of much
greater value when combined with measured changes in surfactant chemical potential
during the binding process. The change in chemical potential can be used to calculate the
total change in free energy for the surfactant during the binding process. Combining this
information with the free enthalpy change will provide the means necessary to describe
the full thermodynamic profile of polyelectrolyte/surfactant binding. We will achieve
these measurements through the use of a surfactant selective electrode that directly allows
for measurement of the free surfactant concentration.
Both the thermodynamics of binding and the structural evolution will be greatly
influenced by the concentration of small-molecule electrolytes present in the solutions.
By varying the ionic strength during these experiments, we would also like to be able to
quantify the contribution made by counter-ion release to the binding process. In a similar
fashion, the effect of polyelectrolyte charge density will also be examined, to address the
effect of localized charge density on the driving force for surfactant binding.
vii
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CHAPTER 1
POLYELECTROLYTE-SURFACTANT AGGREGATION
Introduction
The production of nanoscopic arrays has led to much research over the past decade, a
theme deemed to have such significance that the United States government committed
more than 670 milHon dollars in 2003 towards the development of functional "nano-
technology". Understandably, the number of investigators in this area has grown
rapidly, each taking a different approach toward a common goal. The impact of this
research remains to be seen, but in its course, numerous new questions are being raised
about the type of interactions that take place within these structures at the molecular
scale.
To form nanoscopic order, most investigators have relied, in one way or another,
on self-assembly. However, researchers are not yet capable of reproducibly creating
structures, without a great deal of time and considerable expense. In the end, these
difficulties make ineffective the building of individual structures molecule by molecule.
Nature, on the other hand, has had millions of years to perfect the process, with
complex structures reproducibly generated at very small length scales. Natural
macromolecules have evolved to take advantage of minute forces using them to perform
specific functions or to form intricate structures. Proteins, for example, are precisely
crafted molecules that can arrange into hierarchical structures, creating the billions of
minute assemblies that form the basis for all life.
Researchers are beginning to realize that they must exploit similar self-assembly
techniques in order to understand and ultimately utilize synthetic machines and
1
structures that operate on the nanoscopic scale. Significant research has been devoted
to systems that spontaneously self assemble, including biological polymers, synthetic
polymers (including block copolymers and polyelectrolytes), lipids, surfactants, and
some inorganic systems. All of these species organize, on their own or in conjunction
with other components, to produce highly ordered arrays. Ultimately, it is hoped that
functional nanoscopic architectures produced via self-assembly will find uses in fields
ranging from medicine to computing to electronics.
Surfactants
Surfactants are one example of a material that will spontaneously self-assemble
on the nanometer length scale through the formation of micelles in aqueous solution.
Surfactant molecules are amphiphilic; meaning they are made up of both hydrophilic
and hydrophobic components. The term surfactant is actually derived from the name
"surface active agent", which refers to the surfactant's propensity to aggregate at
surfaces and interfaces due to its dual nature.
In general, as the aqueous solution concentration of a surfactant is increased, a
point will eventually be reached where individual surfactant molecules assemble into
clusters of molecules referred to as micelles. The aggregation process is driven by the
desire to minimize contact between the hydrophobic tails of the surfactant and
surrounding water molecules. This is primarily an entropic process, with the majority
of the energy being derived from the release of water molecules.''^ The surfactant
concentration at which aggregation occurs is referred to as the critical micelle
concentrafion (cmc) and is dependent on a number of molecular properties like
hydrophobic tail length, hydrophilic head group size, and, in the case of ionic
2
surfactants, electrostatic repulsion between head groups. Head group repulsion will
also be dramatically affected by the ionic strength of the solution. A number of models
have been created which can accurately predict the cmc for a surfactant based on these
quantities alone.'' ^ Increasing ionic strength has been shown to lower the cmc for ionic
surfactants due to reduced electrostatic repulsion between head groups. The reduced
head group repulsion also allows for larger aggregation numbers within micelles as
ionic strength is increased. Aggregation number is simply the average number of
surfactant molecules packed within a single micelle. Micelles can take on a number of
forms, including spheres, cylinders, or bilayers, depending on the molecular geometry
of the surfactant and the surfactant concentration.
Polymer-Surfactant Interactions
It has long been known that when an ionic surfactant is combined with a water-
soluble polymer, associations will often form between the two species. The strength of
these associations will depend a great deal on the nature of the polymer, including the
hydrophobicity, electrostatic charge, and structure of the monomeric subunits, and to a
lesser extent the molecular weight of the polymer."' ^' ^ Such mixtures of polymers and
surfactants are currently used in a number of industrial applications, most of which take
advantage of the polymer's ability to increase the effectiveness of the surfactant in
solution. One extremely useful aspect of polymer-surfactant complexes is that the
polymer can cause the surfactant to organize into micelle-like clusters at surfactant
concentrations well below a typical cmc (critical micelle concentration). Thus the
surfactant can be used effectively at much lower concentrations than a typical detergent
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solution. Because of their many applications, mixtures of polymers and surfactants
have inspired a great deal of scientific interest, both theoretically and experimentally.
The earliest investigations in this area dealt with the study of neutral water-
soluble polymers mixed primarily with anionic surfactants (polyethylene oxide being
the most commonly examined).^" '° It is widely agreed upon that, as an ionic surfactant
is added to a polymer solution, the surfactant will begin to bind to the polymer chain
above a critical surfactant concentration, often referred to as the critical aggregation
concentration (cac). The cac is regarded as being very similar to the critical micelle
concentration (cmc) for aqueous solutions of surfactant in the absence of polymer. The
cac, however, is usually found to be lower than the cmc, and bound micelle-like
aggregates formed at the cac tend to be of the same size or slightly smaller size than
free micelles for the same surfactant. For neutral polymers, the cac is typically lower
than, but on the same order of magnitude as the cmc for polymer-free surfactant
solutions.
Polyelectrolytes
For the most part, this project will deal with the interactions between
polyelectrolytes and oppositely charged surfactants. Polyelectrolytes exhibit much
different behavior in aqueous solution than neutral polymers. There are two main
features that contribute to these vast behavioral differences: the first is the long-range
electrostatic repulsion between individual monomers. This causes the average polymer
conformation to be much more extended than that of a neutral polymer. This also leads
to increases in viscosity at relatively low polyelectrolyte concentrafions, and also means
that overlap concentrations for polyelectrolyte solutions are typically very low."
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Secondly, because the polyelectrolyte is highly charged, there are a large number of
counter ions closely associated with the chain in solution. In a similar manner, a
charged surfactant micelle will also have closely bound counterions associated with its
surface. This phenomenon is typically referred to as Manning condensation.'^ These
clouds of bound counter ions will play an important role in the interaction between a
polyelectrolyte and any oppositely charged species. For example, upon adsorption of a
polyelectrolyte chain to the surface of an ionic surfactant micelle, the counterions
associated with each species are released into solution adding significantly to the overall
entropy of the system. ' It is believed that this is a major driving force for self-
association between oppositely charged surfaces in solution. The impetus for self-
assembly of highly charged systems will be discussed in greater detail in later chapters.
Polyelectrolye-Surfactant Complexes
Mixtures of polyelectrolyte and oppositely charged surfactant solutions differ
from neutral polymer-surfactant systems in that the strength of their binding interactions
is much greater. They also form complexes at surfactant concentrations orders of
magnitude below the cmc of the surfactant, unlike the cac, for neutral
polymer/surfactant systems, which is typically near the cmc. In addition, when
oppositely charged polymers and surfactants are mixed at ratios near stoichiometry,
they form dense, highly ordered, insoluble structures. The rich phase behavior of these
insoluble complexes has been studied in great detail by a number of investigators.^"
Such assemblies could be very useful by acting as templates for construction of porous
gels with uniform pore sizes on the nanometer scale. Such gels could be used in
filtration or separation techniques that require very precise control over pore size.
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These complexes could also be used as lipophylic reservoirs within which the surfactant
phase acts to absorb and hold hydrophobic materials while the polymer provides
structural support and cohesivity. These types of systems could fmd any number of
uses in drug delivery, personal care, oil recovery, or water remediation applications
because of their inherent stability and ease of separation from the aqueous phase.
Experimental Overview
The proposed research project will examine the behavior of surfactants in the
presence of oppositely charged polyelectrolytes. The process of assembly of
polyelectrolyte-surfactant complexes is a topic of great theoretical and experimental
interest, though a great deal still remains to be understood. A good example is the fact
that structures formed in these systems often appear to be dependent on the structure of
the polyelectrolyte used to form these complexes. The effect of the nature of the
polyelectrolyte on the strength of interactions and the ultimate structures formed is still
not well understood. ' We are interested in better understanding the interaction
between anionic polyelectrolytes and cationic surfactants. When combined with an
oppositely charged particle or surface, like a polyelectrolyte, individual micelles will be
brought together and will form arrays in conjunction with the oppositely charged
species. The rich phase behavior of ionic surfactants has been well documented
previously, and is believed to contribute strongly to the phase behavior of
polyelectrolyte/surfactant complexes." '" Where most previous research has dealt with
stoichiometric complexes, we are more interested in better understanding how these
structures form, starting with very low surfactant concentrations continuing through
charge neutral complexes and then moving beyond stoichiometric charge ratios.
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Of specific interest in the proposed studies are the thermodynamics associated
with polymer/surfactant interactions, the morphological sensitivity to surfactant
concentration, and the overall effect of ionic strength on aggregation. We have chosen
to study a number of polyanions, including: polystyrene sulfonate (PSS), polyacrylic
acid (PAA), alginic acid (AA), and a series of copolymers of varying charge density to
determine how they will interact with the cationic surfactant, cetyltrimethylammonium
chloride (CTAC). Structural evaluation of PSS/CTAC complexes will be accomplished
using small-angle neutron scattering (SANS) to examine soluble complexes, while
insoluble precipitates will be examined through small-angle X-ray scattering (SAXS).
Thermodynamic investigations will be carried out through the use of isothermal
titration microcalorimetry (ITC) in conjunction with potentiometry. ITC directly
measures the change in enthalpy in these systems as a fimction of moles of added
surfactant. This information alone is valuable, but limited in scope. It is much more
useful when combined with measured changes in surfactant chemical potential during
the binding process. We will achieve this through the use of a surfactant selective
electrode which will directly allow for measurement of the free surfactant concentration
during the binding process. This allows for calculation of change in free energy as well
as change in entropy as a function of surfactant concentration, when combined with the
calorimetric data. Both the thermodynamics of binding and the structural evolution will
be greatly influenced by the concentration of electrolyte present in the solutions. By
varying the ionic strength during these experiments, we would also like to more
accurately quantify the contribution made by counterion release to the binding process.
7
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CHAPTER 2
STRUCTURAL EVOLUTION IN COMPLEXES FORMED BETWEEN
POLYSTYRENE SULFONATE AND CETYLTRIMETHYLAMMONIUM
CHLORIDE
Introduction
Structural investigation of polymer-surfactant complexes first focused on
complexes of neutral polymer and anionic surfactant. Small angle neutron scattering
(SANS) showed that the complexed surfactants organize into roughly spherical micelles
1 -4
spaced along the backbones of isolated polyelectrolyte chains , a motif described as
the "pearl necklace". " Due to surfactant charge, such soluble complexes display some
behaviors typical of polyelectrolytes. Decorated with sodium dodecylsulfate micelles,
for example, nearly neutral proteins lose their secondary structure and migrate
universally according to molecular weight during gel electrophoresis. Complexes of
neutral polymer and charged surfactant remain soluble regardless of the relative
concentrations of the two components.
In contrast, because of stronger polymer-surfactant attractions, the bulk ratio [r]
of surfactant-to-polyelectrolyte molar charge plays a dominant role in polyelectrolyte-
surfactant complexes, and above a characteristic order unity value of [r], the complexes
phase separate into a multi-phase liquid coacervate or a solid precipitate. Precipitated
polyelectrolyte-surfactant complexes can be highly ordered, not just with soluble
polyelectrolyte^"" but also with crosslinked polyelectrolyte gels.'" '^ Previous work on
stoichiometric ([r]=l) polyelectrolyte-surfactant complexes has shed light on factors
contributing to complex morphology, including surfactant tail length^" micelle charge
density'^' polyelectrolyte charge density'^' and degree of hydrophobic modification
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to polyelectrolyte " . Few studies have considered the structural evolution with
increasing [r] as soluble, isolated complexes transform into insoluble, highly ordered
It)
-yy -^z
complexes.
'
Insoluble polyelectrolyte-surfactant complexes display a myriad of structures,
derived mainly from the nature of the surfactant. For a pure surfactant solution,
hydrophobic tail length, number of tails, and hydrophilic head group size principally
determine the micelle structure at and somewhat above the critical micelle
concentration cmc.*^ Hydrophobicity brings the tails together, but head group repulsion
prevents gross phase separation. Surfactants with high spontaneous curvature tend to
form spherical micelles, while those with lower spontaneous curvatures tend to form
cylindrical and laminar micelles. Because spontaneous curvature is governed by
intrinsic properties of the surfactant molecule, micelle shape at and near the cmc is
difficult to alter ' but constraining the micelles to small volume offers one possible
means. A volume effect is observed when surfactant micelles are packed at high
concentrations or placed inside a confinement geometry. ^' For the former, a series of
32
morphological transitions occurs as concentration increases.
For polyelectrolyte-surfactant complexes, each factor listed in the previous
paragraph plays an important role. Most importantly, the stronger the interaction
between polyelectrolyte and surfactant, the more tightly packed are the micelles. A
lesser consideration is polyelectrolyte insertion into the micelle core, an effect that
typically lowers the spontaneous curvature; the degree of insertion reflects the degree of
polyelectrolyte hydrophobicity. Thus, while complex structure is dominated by
11
surfactant properties, the electrostatic and hydrophobic characters of the polyelectrolyte
remain important. -
.
.
-
Assembly of oppositely charged species in aqueous media is by no means a new
topic. However, study of the complexes formed between sodium poly(styrene
sulfonate) (NaPSS) and quaternary ammonium surfactants such the
cetyltrimethylammoinum chloride (CTAC), has been limited. NMR techniques showed
that the benzene sulfonate group on NaPSS inserts, to some degree, into micelle
cores,^^"^^ while the same techniques demonstrated little or no insertion for more polar
anionic polymers such as polyvinyl sulfate.^'* Aggregation numbers for polyelectrolyte-
bound surfactant micelles, expected to be slightly lower than for micelles of the pure
surfactant solution, were estimated using time-resolved fluorescence quenching. At
[r]=0.5, Almgren et al, reported an aggregation number of -53 for NaPSS-CTAC, a
much lower number than for CTAC in absence ofNaPSS (90^°,1 10^^ 132^^). We will
revisit this value in the current report. In fluorescence experiments, NaPSS acts as a
quencher, artificially reducing the calculated aggregation number.) Anticipating results
of the current investigation, cylindrical micelles were observed for polyacrylic acid-
cetyltrimethylammonium bromide complexes. Thermodynamic techniques have also
been used to study NaPSS-quatemary ammonium surfactant complexes.''
Light scattering yields the global conformation of a polyelectrolyte-surfactant
complex but is incapable of probing its internal structure.'^°"'*' More suitable methods
for elucidation of internal structural are X-ray and neutron scattering, but studies by
these methods of NaPSS-quatemary ammonium surfactant systems have been rare. By
X-ray scattering, Kogej et al. examined structures formed by NaPSS and N-cetyl- or N-
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dodecylpyridinium chloride (CPC and DPC, respectively). ' At [r]~l
,
they found
that CPC organizes into highly ordered hexagonally packaged cylinders, and at [r] as
low as 0.3, they detected a diffuse Bragg peak. This peak, indicating tight packing of
micellar aggregates, demonstrates precipitation at rather low [r]. For [r] above the
precipitation point, changes in peak shape and intensity established increasing
precipitate accumulation and order. To our knowledge, NaPSS-quatemary ammonium
surfactant systems have never been examined by SANS or cryo-TEM.
The NaPSS-CTAC system is considered to be highly interacting due to the
strong charging of both polyelectrolyte and surfactant combined with the
polyelectrolyte's significant intrinsic hydrophobicity, which facilitates a further, non-
electrostatic attraction to surfactant. A complete structural progression for the NaPSS-
CTAC system is described here, beginning with no added surfactant and extending well
beyond complete neutralization and precipitation. Soluble structures are examined by
SANS in D2O, an approach exploiting the good contrast between micellar cores and
surrounding solvent. Previous light scattering experiments determined that the
precipitation point for NaPSS-CTAC complexes at moderate salt occurs at [r]~0.7.
Small-angle X-ray scattering (SAXS) experiments are performed on insoluble
complexes, obtained roughly for 0.7<[r]<1.40. To extract the impact of electrostatic
interactions on structure, both types of scattering experiment were conducted at a series
of moderate ionic strengths.
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Experimental
Materials
A NaPSS standard (Polysciences, Inc.), CTAC (Aldrich) (also known as
hexadecyltrimethylammonium chloride), deuterium oxide (Aldrich), and sodium
chloride (Mallinckrodt) were all used as received. The standard was of weight average
molecular weight 1 00,000 g/mol and polydispersity 1.10. A polydisperse NaPSS
sample (Aldrich, Mw~70000) was used in most SAXS experiments. It was verified that
molecular weight and polydispersity, at least within the moderate ranges examined in
these studies, have little effect on precipitation point or insoluble complex structures.
Small-angle X-ray Scattering
SAXS measurements were performed on a Rigaku RU-H3R rotating anode
diffractometer equipped with an Osmic multilayer focusing optic and an evacuated
Statton-type scattering camera (Cu Ka radiation; detector distance 460 mm). The
scattering vector q ranged from 0.698 to 6.25 nm-1 . Patterns were acquired on Fuji ST-
VA image plates and read with a Fuji BAS-2500 image plate scanner.
X-ray samples were prepared by mixing a 4.85 mM (based on monomer) NaPSS
precursor solution containing 10, 100, and 200 mM NaCl with a 25 wt.% solution of
CTAC such that 0.7<[r]<1.40 was achieved. After thorough mixing, a white precipitate
was observed, and this precipitate and its supernatant were equilibrated for at least 24
hours; a few samples were equilibrated for one month to verify constancy of structure.
After equilibration, the precipitate was isolated by centrifugation and placed in a Teflon
sample holder along with a portion of the supernatant. To prevent evaporation, samples
in the holder were sealed between thin Mylar sheets.
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Small-angle Neutron Scattering
SANS was conducted at the SAD beam-line of Argonne National Laboratory
using a short path length time-of-flight (TOF) instrument operated in conjunction with
an intense pulsed source, which provided neutrons, after passage through the cold
moderator, of wavelengths 0.9 to 14 A. The practical range of q was 0.015 to 0.12 A"'.
A full description of the beam-line is provided elsewhere.''*^ Solutions were examined
in disk-shaped quartz cells of path length of 2 mm, and absolute scattered intensities
were obtained from the 20 x 20 x 3.2 cm detector after calibration with H2O and a
cadmium reference.'*^ Subtracting background scattering from both solvent and sample
cells, and making adjustment for detector sensitivity, scattering is reported as I(q) (cm'
the coherent scattering probability per unit solid angle divided by sample path length.
SANS samples were prepared in the same manner as X-ray samples, except the
solvent was D2O and polyelectrolyte concentrations were higher (12.1 or 24.25 mM).
Again, NaCl was present at 10, 100, or 200 mM. Relevant concentrations of NaPSS
and CTAC for each mixed sample are listed in Tables 1-3; mixing led to 0.1<[r]<0.66.
No attempt was made to use contrast matching to extract the scattering contribution of
the polyelectrolyte, though it is estimated to be minor.
Neutron Scattering Fitting Procedures
The scattering intensity for a suspension of uniform particles can be written,
I{q) = n{p{r) -^ f V'P{q)S{q) (2.1)
where n is the particle number density, p{r) and ps are the scattering length densities for
particle and solvent, respectively, V is the particle volume, P(q) is the single particle
form factor, and S(q) is the inter-particle structure factor. For very dilute particles, such
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as most of the complexes of this study, S(q) can be set to unity. It was first shown that,
for dense micelles such as CTAC, the prefactor A=/7(/j(r)- psYV" can be rewritten in a
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more explicit form. For a system of dilute particles, such as a necklace of spherical
surfactant micelles, the scattering intensity distribution I(q) can be written as: ^
where n is now the number density of surfactant molecules in solution, v is the average
number of surfactant molecules per micelle, Z),„ is the scattering length for surfactant,
and V,„ is the volume of a surfactant molecule. The following solvent scattering length
density, surfactant molecular volume and surfactant scattering length were used in all
calculations: ps = 6.33 x 10"^ A"' , V,n = 542.69 A\b^ = -2.38 x lO^^ A.^- The
surfactant molecular volume was calculated using the apparent molar volume for CTAC
in aqueous solution."*^ Assuming all surfactant molecules assemble into spherical
micelles of uniform size, the form factor is represented by
where F(q) is the scattering amplitude function, and R is the micelle radius.
As [r] increases (the complexes remaining dilute), additional spherical micelles
bind along a single NaPSS chain, leading to enhanced intra-aggregate interference due
to micelle localization. At the range of salt concentration employed, the radius of
gyration of a 100,000 g/mol NaPSS chain is about lOOA, an approximate measure of the
maximum separation possible between two bound micelles. We account for micelle-
micelle interference by adopting the model of two spheres separated by a distance, r. A
I(q) = nv(b^-V^Ps) P(q) (2.2)
(2.3)
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system with two spheres in close proximity with surfaces separated by a distance, r, can
be represented by
Iiq)-{nv{b^-V^p^')\F{qf 1 +
sin(^ • r)
(2.4)
in this case, the form factor, F(q) is that described above for a single sphere (Eq. 2.3). A
mixture of chains with one and two micelles can be described by the following
expression:
1 +
2(^-l)sin(^-r)
{q-r)
(2.5)
where N is the average number of micelles per chain.
At higher surfactant concentrations, but with complexes still soluble, a spherical
form factor clearly fails to fit scattering data, and here, much more satisfactory is a solid
cylindrical form factor.
kI2
(1)= J
0 L
2B^(qRs'ma) sm((qLcosa) / 2)
-\2
qR sin a (qL cos a)
sin or da (2.6)
where Pdq) is an average over all cylinder orientation angles a, B] is the first order
Bessel function, and R and L are cylinder radius and length, respectively. The angular
averaging in Eq. 2.6 must be performed numerically.''^ During the fitting of Pdq) to
data, multi-cylinder complexes produced by bridging chains were neglected.
A selection of previous SAXS and SANS experiments on polyelectrolyte-
surfactant complexes uncovered a Bragg peak at relatively high ^(0.1 <q> 0.2) ' ' ,
indicating tight packing of micelles. In our SANS experiments, this q range was
inaccessible and thus no comment can be made concerning short-range micelle order.
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We deem such short-range order doubtful, as the systems at hand were all soluble while
those producing a Bragg peak were all phase-separated. While there may be coexistence
between soluble and precipitated complexes, it would be difficult to isolate their
individual scattering contributions. Our SANS experiments were all performed below
the independently determined precipitation point for NaPSS-CTAC complexes.
Results
SANS of NaPSS and CTAC
To highlight the difference in scattering contrast between NaPSS and CTAC,
Fig. 1 compares I(q) for 12.1 mM NaPSS and 12.1 mM CTAC, both measured at 100
mM NaCl. Intensities for NaPSS and CTAC were accumulated for 12 and 2 hours,
respectively, and after accounting for this time difference, one discovers that CTAC
scattering at low q exceeds that of NaPSS by almost two orders-of-magnitude.
Subsequent SANS interpretations are thus based solely on structural models for
surfactant. At 100 mM NaCl, the cmc ofCTAC is -0.1 M, and as spherical micelles
form above the cmc in pure CTAC solutions, the SANS data in Fig. 1 fit a spherical
form factor well using R as the only fitting parameter. Increasing NaCl concentrafion
from 1 0 to 1 00 mM (data not shown), spherical form factor fits suggest slight growth of
R, from 24.8 A to 26.7 A and modest rise in v, from 96 to 120. Growth of charged
micelles with increasing ionic strength is caused by the screening of head group
charges.""
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SANS of NaPSS-CTAC Complexes
Figures 2-4 present SANS I(q) data for NaPSS-CTAC complexes at 10, 100, and
200 mM NaCl, respectively, as well as fits to the same data using Eq. 2.2 in conjunction
with various form factors. To improve graphical clarity, the scattering data taken at
different [r] (symbols) and the corresponding theoretical fit (solid lines) are shifted
downward by a factor 10"'', with larger p imposed for smaller values of [r] (p = 0, 0.25,
0.5... etc.). Parameters returned by fitting are reported in Tables 1-3; in these tables and
subsequent discussion, A^^ is the average number of micelles bound per polymer chain.
Nm is calculated from the measured aggregation number {Nm = nl{vNp)) under the
assumption that all surfactant molecules are present in bound micelles (A'^ is the number
density of PSS molecules). A spherical form factor best fit I(q) at low surfactant
concentrations ([r] < 0.3), but as [r] increases, a broad peak not present in the spherical
form factor emerges at low q. As seen from Fig. 1 , the same peak is not seen for either
NaPSS or CTAC alone. We attribute the peak to interference between spherical
micelles attached along a single chain and model the interference using Eq. 2.5.
Excellent fits to all data sets are thereby obtained, and as seen in Tables 1-3, the fits
provide realistic values of v and other parameters. The average aggregation number for
each sample was calculated by two methods. The first, Va, was calculated from the
amplitude that was returned from the model fit, as given in Eq. 2.2. The average
aggregation number, Vb, was also calculated based on the radius measured in the model
fit. Using the radius, it was possible to calculate the volume of the given micelle and
then by dividing by the volume of a single surfactant molecule it was possible to
calculate an aggregation number. This method assumes ideal packing of molecules
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within the micelle and is likely to overestimate the aggregation number slightly. The
resulting aggregation numbers can be found in Tables 1-3. Likewise the number of
micelles bound per polymer chain was calculated both from theory based on molar
ratios (No) and from the model fit (Nh). Both the aggregation numbers and the average
number of micelles bound per chain calculated based on the average radius of the
micelle are larger than expected when compared to theoretical values. In both cases if
the average radius of the micelle is reduced by roughly 10%, the calculated values of Vb
and Nb are found to be in good agreement with the expected values. It is most likely
that the slight increase in the observed radius is due to the presence of the
polyelectrolyte bound to the surface of the micelle. As stated earlier, no attempt was
made to use contrast matching to eliminate the contribution of the polyelectrolyte to the
scattering data. It does not appear that the polyelectrolyte has significantly altered the
scattering pattern, but simply caused the micelle radius to be slightly exaggerated.
Interference between multiple micelles bound along single chains led to the
appearance of a broad peak at low q. This was found to occur at intermediate values of
[r], and was best fit with Eq. 2.5. The inter-micelle spacing for the complexes can be
found in Tables 1-3. In general the average distance between micelles shrinks with
increasing surfactant concentration. This trend can most clearly be seen in the 200 mM
NaCl samples which maintain a spherical micellar phase throughout the soluble regime.
Only minor differences in micelle spacing were observed with changes in ionic
strength, with initial spacings being greatest at the lowest salt concentration. Over the
salt concentrations explored, it does not appear that there was a significant impact of
ionic strength on average micelle separation distance. One point to note, in regimes
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where a majority of the polymer chains had more than two spherical micelles bound
(200 mM NaCl; [r] = 0.6-0.66), Eq. 2.5 continued to return excellent fits to the data,
even though the model was based on a two-body interaction. The result is that micelle
radii appear to be accurate, but the number of micelles per chain appears to stop
growing with increasing surfactant concentration. It is unlikely that this is the case, as
the micelle radius does not increase enough to compensate for the lack of growth in M„.
The SANS data reveal that, on average, only about 3-4 spherical micelles or less
bind to one NaPSS chain, a result deemed reasonable given the relatively small
polyelectrolyte molecular weight; the coil's mean radius of gyration is not much bigger
than the sum of diameters for 3 spherical micelles. The total number of negative
charges on one polyelectrolyte is about 500, so approximately 5 spherical micelles
could bind before the complex becomes overcharged. We see A^^ approaching 5 only
when the salt concentration is high, a condition minimizing micelle-micelle electrostatic
repulsion. In many cases, especially at low [r], N„, is less than unity, revealing
conditions under which many chains have no micelle attached. As will be described
shortly, a cylindrical form factor best tracks data for soluble complexes at larger [r], a
feature compelling us to consider that I(q) across the intermediate [r] range
(0.3<[r]<0.5) might alternatively be explained through coexistence of spherical and
cylindrical micelles. However, a fitting procedure combining the two form factors does
not lead to realistic fits.
At the highest [r] values lying in the soluble regime (0.50<[r]<0.66), excellent
fits are not achieved through any model incorporating spherical scattering entities, while
good fits are possible by applying the form factor of a long cylinder. Although less
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physically reasonable, the form factor of an elongated ellipse of rotation works equally
well. According to the cylinder fits, the elongated micelles have N,„ just under unity;
one can thus make a crude depiction of the average complex as one cylindrical
surfactant micelle "wrapped" by the polyelectrolyte chain. The transition from the pearl
necklace (few pearls) to wrapped cylinder is abrupt at low salt, and there is a sharp
discontinuity of fitting parameter at this transition.
Discussion now turns to detailed trends in fit parameters for soluble complexes
and how these trends reveal the evolution of complex structure with [r]. From the
preceding paragraph, we hypothesize three regimes of soluble complex, associated with
low ([r]<0.3), moderate (0.3<[r]<0.5), and high (0.5<[r]<0.66) [r]. The presence and
boundaries of these regimes vary somewhat with ionic strength. All trends must be
considered in light of a key assumption made in the scattering analysis, namely, that all
surfactant molecules reside in bound micelles. Free surfactant is certainly present, at
least to a minor extent, and its population grows with increasing ionic strength. ^
At low and moderate [r], R and v remain essentially constant with increasing [r].
Thus, incremental additions of surfactant act mainly to increase A^^, leaving micelle
properties unchanged. Bound micelles are approximately the same size as free micelles
in pure CTAC solution; not nearly as small as first described by Almgren et al.^^ In
various polyelectrolyte-surfactant systems there have been micelles observed that are
smaller than^^' on the same order^^' "° as, and larger than"^' micelles in
polyelectrolyte-free surfactant solutions. As expected, at fixed low [r], R and v both
rise slightly as ionic strength rises. This is likely due to the decrease in head group
repulsion between neighboring surfactant molecules with increasing ionic strength, the
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same trend expected for polymer free surfactant solutions. These trends, not much
larger than experimental error, may also emerge from the assumption that all surfactant
binds to the polyelectrolyte, an assumption violated at low enough surfactant
concentration.
For samples made at 10 and 100 mM NaCl, cylindrical micelles abruptly appear
as [r] approaches the precipitation point; they are first noted at [r]=0.5 at 10 mM NaCl
and at [r]=0.6 at 100 mM NaCl. In all instances, the cylindrical micelles are of roughly
the same R, but L drops slightly with increasing [r]. As expected, the cylindrical
micelles have about the same radial dimension as the spherical micelles studied at lower
[r], and in both cases, this dimension is approximately consistent with the length sum of
two extended CTAC molecules. The ratio ofLtoR is always greater than 5. As seen in
Tables 1 and 2, as ionic strength increases from 10 to 100 mM, L seems to decrease
from -200 A to -130 A. Although fitting returns a single average value of L, this
variable is most likely broadly distributed within a given sample. This average does not
vary outside the experimental error between samples of different [r] and ionic strength.
In addition, although L seems to be shrinking with increasing ionic strength,
aggregation numbers appear to remain relatively constant. This likely indicates that the
length we are measuring is the average persistence length of the cylindrical micelle.
Increased stiffness of the micelles being linked to stronger electrostatic interactions at
low ionic strength, thus higher L is observed. It has been shown by light scattering that
the overall radius of gyration of individual polymer-surfactant complexes decreases
with increasing [r] across this range, an effect not manifested in the SANS data and thus
necessarily reflective of changes in polyelectrolyte conformation.'*^' Cylinders do not
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form at the highest NaCl concentration, 200 mM, a condition under which spherical
micelles were detected up to the precipitation point. - '
A cylindrical phase in soluble polymer-surfactant complexes is a recent
discovery. Although suggested by NMR and fluorescence experiments, " cylinders in
polyelectrolyte-surfactant systems were first detected though scattering by Claesson and
co-workers, who investigated complexes produced by the mixing of variably charged
cationic copolymers of acrylamide and 3-(2-methylpropionamido)propyl
trimethylammonium chloride (MAPTAC) with anionic sodium dodecyl sulfate.
Elliptical or cylindrical phases were found at all values of [r] examined. Recently,
Flood et al. imaged the soluble complexes of potassium oleate, and NaPSS by cryo-
TEM, uncovering a structural transition between as well as co-existence of spherical
and rod-like micelles. "^^ The average persistence length of the observed cylindrical
micelles was roughly 100 nm, in fair accord with our L measurements. But, of course,
these micelles contained polyelectrolyte and surfactant of like charge, so interactions
were much different than in the current system.
Another interesting observation regarding the cylindrical micelles in our
experiment is that, while the value of v indicates that the complexes should now be
over-charged (more surfactant molecules than monomers within a single aggregate), the
value ofNm is still less than one. Thus only about half of the chains are bound to
cylindrical micelles, which are larger than the chains themselves, while the remaining
chains carry few or no surfactant micelles. It is difficult to discern if there is
coexistence of spherical and cylindrical micelles, but either way the major contribution
to the signal comes from the cylindrical micelles.
24
Increasing levels of NaCl screen the electrostatic interactions between NaPSS
and CTAC as well as those between individual CTAC micelles bound along a single
NaPSS chain. With weaker association to the polyelectrolyte chain and reduced
repulsion between neighboring micelles, the transition from spherical to cylindrical
micelle forms is pushed to higher [r]. Eventually, as seen at 200mM NaCl, the
cylindrical micelle regime disappears prior to precipitation.
SAXS of NaPSS-CTAC Complexes
Precipitated NaPSS-CTAC complexes, isolated for 0.72<[r]<1.4, display nano-
scale solid structural order that can be assessed with SAXS. Under most conditions,
increasing [r] across this range leads to the following phase sequence: hexagonally
close-packed cylinders (HCPC) co-existence ofHCPC and Pm3n cubic PmZn
cubic. Complexes prepared at 200 mM NaCl, however, do not display the latter phase.
Representative scattering patterns for the two pure phase structures, recorded for
[r]=0.72 and 1.4 in 100 mM NaCl, are displayed in Figure 5, each exhibiting only the
narrow, characteristic peaks associated with a single phase structure. Respective peak
ratios for HCPC and Pm3n phases are 1, V3, V4, V?, V9, and V2, V4, V5, V6, V8, VlO.
[Note that the (200) reflection is the lowest order observed.] The Pm?>n phase, observed
previously in similar condensed colloidal systems,""*' was theoretically described by
Kamien et al."^^
As shown in Figs. 6 and 7, the [r] progression of phase structures for 10 and 100
mM NaCl are similar. Precipitation occurs at [r]~0.7, and at [r]=0.72, a well-ordered
HCPC morphology is found by SAXS. Very little precipitate is produced until [r]=0.72,
hindering identification of the phase morphology exactly at the point of precipitation.
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but there is no reason to expect a phase change over the narrow, intervening [r] range.
As [r] grows beyond 0.72, i.e., as more surfactant is added to a constant level of
polyelectrolyte, increasingly greater masses of precipitate are observed, making
isolation simpler. At [r]~0.8, HCPC begins to transform to Pm7>n cubic, with
coexistence of the two morphologies persisting up through [r]=1.4-1.5, at which point
the latter phase dominates.
Similar progressions have been seen previously, for example, in the complexes
ofNaPSS and CPC studied by Kogej et al. who varied [r] from 0.3 to 1.3; HCPC
morphology was monitored at [r] greater than 1 but neither coexistence nor a Pm'in
cubic morphology were observed. Interestingly, for polyacrylic acid-CTAC complexes,
we have tracked an inverted progression of phases, with the initial Pm3>n cubic
morphology replaced at higher [r] by the HCPC morphology."
The effect of ionic strength is most clearly seen by comparing Fig. 8, which
displays SAXS data for samples prepared at 200 mM NaCl, with Figs. 6 and 7. The
scattering profiles of Fig. 8 possess fewer higher-order peaks and these peaks are rather
broadened, indicating that order is over a limited length scale. The sharpest peaks are
noted near [r]=l .0, where co-existence of a HCPC phase and a Pm3n cubic phase is
deduced. At [r] greater than 1.0, order is slowly lost, and the majority of the precipitate
is observed to re-dissolve. Redissolution manifests the weakening of NaPSS-CTAC
association as electrostatic interactions are weakened. This weakening has two sources:
the screening of electrostatic interactions by electrolyte and the reduced entropy gain of
counterions released by complexation. From currently unpublished calorimetry data,
we know that at 200 mM NaCl the cmc for free CTAC micelles occurs shortly after
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complex precipitation. The redissolution of polyelectrolyte-surfactant complexes in this
regime is believed to be linked not only to the weakened electrostatic interactions, but
also to the appearance of free micelles that have been shown to interact with existing
polyelectrolyte-surfactant precipitates."*^ t i
Discussion
For NaPSS-CTAC complexes, the phase sequence under increasing [r] follows:
disordered spherical phase (soluble) disordered cylindrical phase (soluble) —*
HCPC(insoluble) co-existence Pm3n cubic (insoluble). It is interesting that this
progression is nearly analogous to that followed by pure aqueous CTAC as surfactant
concentration rises. The only exception is the appearance of the Pm3n cubic phase in
place of the Ia3d cubic phase at high [r]; the former cubic phase has previously been
observed in polyelectrolyte-surfactant complexes."" One may thus conclude that,
although the interactions in polyelectrolyte-surfactant complexes differ somewhat from
those among surfactant molecules in a concentrated surfactant solution, in both cases,
the surfactant molecule's shape determines overall structure, the polyelectrolyte acting
mainly as a cohesive or decorative matrix material. In this role, of course, the
polyelectrolyte establishes a more dense packing of surfactant. We have argued
previously that the structures of polyelectrolyte-surfactant complexes emerge from the
competition between surfactant spontaneous curvature and surfactant packing
constraints."
NaPSS was chosen for this study because of its hydrophobicity as well as its
availability in nearly monodisperse molecular weight fractions. Although not discussed
here, insofar as complex structure is concerned, polyelectrolyte molecular weight is an
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unimportant parameter, at least for molecular weights beyond the oligomer range.
NaPSS hydrophobicity, on the other hand, may be very important. This hydrophobicity
allows NaPSS to insert into the surfactant micelle, potentially creating a change in
spontaneous curvature, and indeed, polyelectrolyte insertion may explain the transition
from spherical to cylindrical micelles seen by SANS. If so, the same transition, as well
as other structural features, may be absent for more polar polyelectrolytes that do not
insert into the micelle. Indeed, either in presence or absence of polyelectrolyte, a co-
surfactant is more typically required for production of worm-like micelles from single-
tailed surfactants in dilute solution." It was once proposed that worm-like micelles
cannot be produced from NaPSS-CTAC complexes because the polymer binds too
strongly to the surfactant.^^ This is obviously incorrect.
The soluble structures observed at very low [r] in dilute solution have been
observed previously in a number of scattering studies. These structures are also very
similar to those seen in protein-surfactant and non-ionic polymer-surfactant complexes^
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in which the polymer chain wraps around a spherical micelle or multiple spherical
micelles. These results are in agreement with expectations. It is believed that the PSS-
CTAC system follows the trend described in Figure 9.
A thermodynamic model has been described by Hansson that was designed to
describe associations between charged micelles and polyelectrolytes.^^ The model
utilized a Poisson-Boltzmann cell model to consider the interaction between a
polyelectrolyte chain and existing micelles. It was shown that once a polyelectrolyte is
bound to multiple micelles a weak attractive force develops between the micelles. It
also predicts that for very dilute systems these weakly attractive forces could lead to
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saturated coils (coils with tightly packed micelles) in equilibrium with surfactant-free
coils. The "saturated" coils were depicted as chains with multiple micelles bound to
them with the micelles closely associated with one another. In this case the model is
limited to spherical micelles, when in reality it appears that as the micelles are brought
closer together they collapse into a single cylindrical micelle rather than tightly packed
spherical micelles.
A recent paper of note by Flood et al. describes the structures created when the
surfactant K-oleate (4.5 wt%) is combined either with KCl or PSS.^^ They observe that
as KCl concentration is increased while keeping surfactant concentration constant -
large, soluble, worm-like micelles form. These long thread-like structures can clearly
be seen in cryo-TEM images, measuring at least 1 |Lim in length. As PSS is added to
salt-free solutions of K-oleate in a similar manner, a spherical micelle phase is observed
to transition to co-existence between spherical micelles and short rod-like micelles.
This result is very similar to our own observations, showing a limit to the size of the
cylindrical micelles that can be formed by the polyelectrolyte alone.
To our knowledge, we are one of the first to identify a dilute polyelectrolyte-
surfactant system that forms a soluble cylindrical phase. From fitting procedures the
dimensions of the observed micelles are in line with those expected for CTAC micelles,
with a diameter equivalent to the length of two CTAC molecules placed end to end.
Structures similar to this had been previously theorized to exist, but had not been
identified conclusively through scattering or microscopic techniques. For example,
Kasaikin and Zakharova depicted similar structures appearing in the soluble regime,
prior to precipitation, of polyacrylic acid-CTAB complexation.''° Though they only had
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ultracentrifuge data to rely on, they predicted these structures based on the size of the
dilute complexes.
Samples prepared at 200 mM NaCl most clearly show the effect of ionic
strength on soluble complex structure. From neutron scattering experiments, we receive
a good fit at all [r] using a spherical form factor. This would indicate that the formation
of cylindrical micelles is inhibited by the increased salt concentration. In actuality, it
appears that binding between the surfactant and polyelectrolyte is inhibited. Because
the binding strength is reduced and the packing density is decreased, the micelles are
less likely to combine into elongated structures. If we then consider the X-ray
scattering data, for samples made just above the precipitation point, we see that the
complexes never possess a well-defined hexagonal structure. We observe coexistence
at all ratios below [r]<l. At [r] > 1, the precipitate begins to re-dissolve, and the gel-
like precipitate that is left behind retains little structure. A very broad peak in the X-ray
scattering data evidences this lack of order.
CONCLUSIONS
The structural evolution as charged surfactant is titrated into oppositely charged
polyelectrolyte has been followed by SANS and SAXS, the former in the soluble
complex domain and the latter in the insoluble complex domain. The observed
progression of structures for NaPSS-CTAC complexes can be explained reasonably
well in terms of the polyelectrolyte 's impact on micelle spontaneous curvature and
micelle packing: the polyelectrolyte binds the micelles together, raising their density,
and inserts into micelles, altering their spontaneous curvature. The major new structural
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feature is a window of [r] in the soluble domain in which spherical micelles yield to
cylindrical micelles. One can imagine that, at the precipitation point, these cylindrical
micelles crystallize to form an ordered cylinder phase. The significant hydrophobicity
of NaPSS, resulting in a nonelectrostatic attraction between NaPSS and CTAC, reduces
the precipitation point significantly below a bulk stoichiometric balance of charge, to
[r]~0.7. By our assumption that surfactants are fiilly incorporated into bound micelles,
the bulk charge balance, reflected in [r], is identical to the local charge balance within a
single soluble complex. Excepting the appearance of soluble cylindrical micelles, the
overall phase progression is similar to that of the pure surfactant except with structural
transitions shifted to lower surfactant concentration. The concentration of added salt
affects the electrostatic interactions, both between polyelectrolyte and surfactant micelle
(attractive) and between surfactant micelles bound closely to each other along a single
polyelectrolyte chain (repulsive). Both electrostatic interactions are important,
modifying the phase progress and even eliminating phases in a predictable manner.
Most importantly, at high salt, the weakened attraction between components causes a
loss of order in the insoluble precipitate formed at high [r].
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Table 2.1: PSS/CTAC SANS Results (10 mM NaCl)
Ratio
[PSS]
(mM)
[CTAC]
(mM) R(A) r(A) L(A) Vb Na Nb
0 1v. 12.04 1.204 24.6 109 1 17 0.42 0.45
0.2 11.98 2.396 25.3 86.3 100 128 0.77 0.83
0.3 10.52 3.156 25.0 76.7 109 123 1.20 1.29
0.4 17.32 6.93 25.5 1 T A130 130 1 CI1.51 1 ^ A1.64
0.5 16.17 8.09 19.6* 214 425 474 .31 0.56
0.6 15.16 9.10 21.3* 220 568 578 .51 0.55
0.66 14.61 9.64 22.0* 205 510 574 .63 0.61
Table 2.2: PSS/CTAC SANS Results (100 mM NaCl)
Ratio
[PSS]
(mM)
[CTAC]
(mM) R(A)
r
(A)
L
(A) Va Vb Na Nb
0.1 12.04 1.204 24.8 105 121 0.41 0.44
0.2 11.98 2.396 24.7 73.8 97 119 0.83 0.90
0.3 10.52 3.156 24.6 76.3 106 118 1.25 1.35
0.4 17.32 6.93 25.1 67.4 118 124 1.59 1.71
0.5 16.17 8.09 24.2 99 2.45
0.6 15.16 9.10 19.6* 135 576 0.51
0.66 14.61 9.64 20.2* 122 536 0.60
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Table 2.3: PSS/CTAC SANS Results (200 mM NaCI)
Ratio
[PSS]
(mM)
[CTAC]
(mM) R(A) r(A) Va Vb Na Nb
0.1 12.04 1.204 25.1 105 ^ ^ A124 0.40 0.43
U.z 1 1 .Vo Z.jyo 0/1 Q /o.U VO 1 0 11 z 1 f\ 0 1 U.oo
1 0 S9 74 9Zt-.Z 71 7/ 1 . / 1 rtl1 U 1 1 t 1ill 1 .JZ
0.4 10.08 4.03 24.8 72.0 110 120 1.65 1.78
0.5 9.68 4.84 25.9 66.4 125 137 1.79 1.94
0.6 9.31 5.58 26.8 63.0 141 151 1.96 2.11
0.66 9.1 6.0 27.4 61.9 151 161 2.02 2.17
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Figure 2.1: Comparison of Absolute Scattering Intensity Curves for 12.1 mM
Poly(styrenesulfonate) (o) and 12.1 mM CTAC () at 100 mM NaCl. Solid Lines
are Included for Continuity and Do Not Represent Theoretical Fits.
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Figure 2.2. Small Angle Neutron Scattering Curves for Soluble
Poly(styrenesulfonate)/CTAC Complexes in D20 at 10 mM NaCl, for Different
Values of [r]: 0.1 (o), 0.2 (), 0.3 (+), 0.4 (A), 0.5 (V), 0.6 (x), 0.66 (0). Solid Lines
Represent Theoretical Fits. To Avoid Crowding All Curves Have Been Shifted By
Multiplying the Scattering Intensity by 10-p, Where p = 0, 0.25, 0.5, 0.75, 1, 1.25,
1.5; Starting With the Upper Curve and Working Down
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Figure 2.3. Small Angle Neutron Scattering Curves for Soluble
Poly(styrenesulfonate)/CTAC Complexes in D20 at 100 mM NaCl, for Different
Values of [r]: 0.1 (o), 0.2 (), 0.3 (+), 0.4 (A), 0.5 (V), 0.6 (x), 0.66 (0). Solid Lines
Represent Theoretical Fits. To Avoid Crowding All Curves Have Been Shifted By
Multiplying the Scattering Intensity by 10-p, Where p = 0, 0.25, 0.5, 0.75, 1, 1.25,
1.5 Starting With the Upper Curve and Working Down
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Figure 2.4. Small Angle Neutron Scattering Curves for Soluble
Poly(styrenesulfonate)/CTAC Complexes in D20 at 200 mM NaCl, for Different
Values of (r): 0.1 (o), 0.2 (), 0.3 (+), 0.4 (A), 0.5 (V), 0.6 (x), 0.66 (0). Solid Lines
Represent Theoretical Fits. To Avoid Crowding All Curves Have Been Shifted By
Multiplying the Scattering Intensity by 10-p, Where p = 0, 0.25, 0.5, 0.75, 1, 1.25,
1.5 Starting With the Upper Curve and Working Down
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Figure 2.5. Angular-averaged Small Angle X-ray Scattering Profiles for
Poly(styrenesulfonate)/CTAC Complexes in 100 mM NaCI. Bottom Trace (r =
0.72) Displays Scattering Associated with a HCPC Phase. Top Trace (r=1.4)
Displays Scattering Associated with a Pm3n Cubic Phase
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Figure 2.6. Angularly-averaged SAXS Profiles for PSS/CTAC Insoluble
Complexes at 10 mM NaCl. Ratio, [r], of Surfactant to Polymer Charge Varies
From Bottom to Top as: 0.72, 0.78, 0.84, 1.03, 1.09, 1.4
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Figure 2.7. Angularly-averaged SAXS Profiles For PSS/CTAC Insoluble
Complexes at 100 mM NaCl. [r] Values (From Bottom to Top): 0.72, 0.78, 0.84,
1.03, 1.09, 1.4
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Figure 2.8. Angularly-averaged SAXS Profiles for PSS/CTAC Insoluble
Complexes at 200 mM NaCl. [r] Values (From Bottom to Top): 0.73, 0.85, 0.9, 1.0,
1.1, 1.2
Increasing Surfactant Concentration
Figure 2.9. Depiction of Soluble Phase Progression for PSS-CTAC system (not
drawn to scale)
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CHAPTER 3
THERMODYNAMICS OF POLYELECTROLYTE-SURFACTANT
AGGREGATION
Introduction
The fact that the complexation between polyelectrolytes and oppositely-charged
surfactants takes place many orders of magnitude below the cmc of the pure surfactant
solution indicates that the association between the two species is much more
energetically favorable than free micelle formation. In fact, one method commonly
used to calculate the change in free energy associated with binding, whether correct or
not, is through calculation of the ratio of the cac to the cmc' While the ratio of cacxmc
is a measure of the binding strength between a surfactant and another species" (i.e.
polyelectrolyte), it gives little insight into the complex interactions occurring within the
system. Oppositely charged systems, like polyelectrolyte-surfactant complexes, are
often assumed to be driven to aggregate primarily by electrostatic forces, but these
forces alone do not account for the total free energy associated with binding. One of the
greatest potential contributions to free energy of binding comes from the hydrophobic
nature of the polyelectrolyte. It is believed that the addition of hydrophobic side chains,
even a small fraction, to a hydrophilic polymer will greatly increase the free energy of
binding of surfactant by providing nucleation sites along the backbone of the chain.^"'°
Hydrophobic associations are so strong that even like charged polyelectrolytes and
surfactants will associate if the polymer has been hydrophobically modified beyond a
certain extent." The great change in binding strength associated with hydrophobic
modification has been directly witnessed in changes in the enthalpy of binding with
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increasing hydrophobicity.^ While it is likely that this type of assembly is driven by
entropic gains from water release as is typical for hydrophobic assembly of micelles, it
is believed that the driving force for this association is the stabilization of the micellar
aggregate by the polyelectrolyte. •
A second factor that plays an important role in polyelectrolyte-surfactant
attraction is counter-ion release. ^' Polyelectrolytes and charged surfactants in
aqueous solution have a large number of ions closely bound to their surfaces. This layer
of ions serves to reduce the total surface charge of the species, thus reducing the
repulsive interactions between closely neighboring surfactant molecules or monomers.
When a polyelectrolyte binds to a charged surface, the counter ions associated with each
species are released into the bulk solution.'^ This "counter ion release" results in a large
increase in the overall entropy of the system. One method of measuring this
phenomenon is by observing the cac of a surfactant in the presence of a polyelectrolyte
while varying salt concentration. Binding becomes much more favorable at lower salt
concentrations, when the gain from counter ion release would be greatest. In addition to
hydrophobic, electrostatic, and counter ion effects other factors that may affect the free
energy of binding are charge density of the polymer or surfactant. Van der Waals
forces, change in entropy of the polymer, change in entropy of water, or steric effects.
The experiments detailed herein will examine the thermodynamics associated
with binding between anionic polyelectrolytes and the cationic surfactant, cetyl
trimethylammonium chloride (CTAC). Isothermal titration microcalorimetry will be
used to measure changes in enthalpy per mole of added surfactant for solutions of
varying ionic strength. Similar experimental conditions will be used for potentiometric
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measurements, which will measure free surfactant concentration as a function of total
surfactant concentration and ionic strength. From this experiment, we can obtain the
change in chemical potential for the surfactant, which is essential for the calculation of
the change in free energy per mole of added surfactant. The results from these two
complimentary techniques can potentially be combined to reveal the change in entropy
for binding of the cationic surfactant. The initial change in entropy should be primarily
associated with release of counter ions. We will probe this assumption by conducting
our experiments at a variety of ionic strengths (1 - 200 mM NaCl). As ionic strength is
increased, the entropic gain from release of counter ions should be greatly reduced. In
theory, it should be possible to calculate the number of small ions released from the
polyelectrolyte at different points throughout the binding experiment. Through these
experiments we hope to quantify the contribution of counter ion release to the free
energy of binding in oppositely charged polyelectrolyte-surfactam systems. We are
similarly interested in the effect of the nature of the polyelectrolyte on the strength of
this binding interaction.
Many groups have used surfactant selective electrodes in the past to produce
binding isotherms for many different polymer-surfactant systems. ' " Other
techniques have also been used to obtain similar results, including dialysis
equilibration'^, surface tension'*^' conductivity'^' and electrophoretic
mobility^^. Many early thermodynamic studies using these techniques attempted to use
the onset of binding (cac) relative to the cmc to calculate the change in free energy
associated with binding. " " The idea is slightly flawed in the assumption that the cac is
a true phase transition for the surfactant and that all surfactant added is bound. In
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reality, only a fraction of the added surfactant binds at any time in the course of the
experiment, thus binding isotherms as a function of total surfactant concentration, and
not the cac, should be used to calculate the change in free energy.
The combination of calorimetric and potentiometric techniques has been used
previously by Bloor et. al.~ - • Most of these studies examined non-ionic
polymers, though some do involve charged polymers of varying charge density.' ' ' In
either case, binding isotherms were never used to calculate the chemical potential for
the surfactant, thus the previous investigators did not take full advantage of the
available data. We propose to use a combination of calorimetric and potentiometric
techniques to obtain a frill thermodynamic understanding of the interaction between
strongly interacting oppositely charged polyelectrolyte-surfactant systems. We will
specifically examine how a few anionic polyelectrolytes of differing hydrophobic
character, polystyrene sulfonate (PSS), polyacrylic acid (PAA), and a series of
copolymers of polyacrylic acid and polyacrylamide (PAAPAM) of varying charge
density, interact with the cationic surfactant cetyltrimethylammonium chloride.
Thermodynamic Theory
In order to use the complimentary techniques of potentiometry and calorimetry
in conjunction with one another we must first be clear on what each experiment
measures. Isothermal titration microcalorimetry (ITC) measures the change in heat for
a system after the addition of a small amount of reagent; in this case we add small
amounts of surfactant. This change in heat is actually associated with any and all
processes which occur within the system. Therefore, it will take into account, not only
the heat evolved during the binding interaction, but also the heat associated with
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dilution of the polyelectrolyte and any disassembly of micelles which occurs. Each of
these processes can happen simultaneously and their effects can be difficult to separate.
Theory associated with ITC, described by Blandamer^^' explains that the heat
evolved as a result of addition of dn. moles of reagent is equivalent to a change in
enthalpy with respect to the change in composition of the injectant multiplied with the
change in composition with change in moles of reagent.
3i'
(3.1)
Where q is the heat evolved, dH is the change in enthalpy, and d^ is the change in
composition. Neither of the terms on the right-hand side of the equation is obtainable
through this single experiment. We are only able to measure the quantity on the left
hand side of the equation, and typically a model of what is occurring within the sample
cell is necessary in order to calculate the other quantities. We propose that the
composition can be measured using potentiometry, and that the change in enthalpy with
composition can be calculated directly.
That is why combining ITC with potentiometric techniques can prove extremely
useful. Potentiometry is used to measure the free concentration of the surfactant species
in solution. It will not measure the concentration of bound surfactant or that of
surfactant molecules in micelles. By measuring the free concentration of surfactant we
can calculate the chemical potential for the surfactant at each step in the binding
process. We assume that at equilibrium the chemical potential of the free surfactant is
equal to that of the surfactant bound to the polyelectrolyte:
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(3.2)
In addition, the chemical potential of the surfactant can be calculated from the
concentration of free surfactant:
surf
= kj\n
V [surf]' J
(3.3)
Where [surf]* is the concentration of the surfactant in a selected reference state. The
reference state can be any of choice, and is often selected as the isolated case of infinite
dilution. In this case we have selected the concentration of 1 M as our reference state
for the surfactant. Unfortunately, multi-component systems can get very complicated
because each component must be taken into account independently. We will approach
the analysis from the perspective of the polyelectrolyte. The polyelectrolyte in solution
is a subset of the complete system which is made up of small ions, surfactant, water,
and the polyelectrolyte. Because we are working well below the overlap concentration
for the polyelectrolyte we can treat each polymer molecule as an isolated subsystem that
is in equilibrium with its local surroundings. The total change in free energy for the
system must then be calculated by taking into account the chemical potential of each
individual species. Chemical potential is defined as the change in free energy with
respect to the change in concentration of the given component: The Gibbs free energy
of the enfire system is described by:
dG = -S,^,dT + V,^„dp + ^p,dN,, + //,„,^^/iV,„,, + /^_^A^_ + (3.4)
Where Stot is the total entropy for the system, T is the temperature, V is the volume, p is
the pressure, \i is the chemical potendal of each component (polyelectrolyte, surfactant.
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small ion, and water respectively), and N is the number of each component. Because
temperature and pressure are held constant this equation simplifies to:
dG = Hp.dN,, + n,,^dN^^^ + piionsdN,„„, + ^iJN^, (3.5)
The change in Gibbs free energy for a single component can be represented simply by
algebraic manipulation such that the change in Gibbs free energy for the polyelectrolyte
is given by:
dGp^ =dG- n,,„,dN^^,.f - ^/7V,_ - //„ ^/yV„, (3.6)
We make the assumption that the concentration of free water both associated
with the polyelectrolyte and in the surrounding media is similar. Similarly we assume
that the number of ions associated with a polymer chain is the same as that of the
surrounding media. This assumption is at best tenuous assuming that small ions will
condense around the highly charged polyelectrolyte in order to partially reduce the
repulsive forces occurring along the chain. This can often lead to an imbalance of
concentration of small ions near the surface of a polyelectrolyte in solution and the
surrounding media. To make this assumption more appropriate we add additional salt
to the polyelectrolyte solution to maintain a constant chemical potential for the small
ions. Because we assume the concentration of the water and the small ions does not
change significantly we are left with:
dG,^ = -N^^^djj^^^ (3.7)
Where Nsurf is the number of surfactant molecules that have bound to each
polyelectrolyte chain, and (isurt is the chemical potential for the surfactant as measured
using the surfactant-selective electrode. By combining the techniques of potentiometry
52
and isothermal titration microcalorimetry, it should be possible to better understand the
full thermodynamic profile for polyelectrolyte-surfactant binding.
Experimental
Materials
Sodium poly(styrenesulfonate) (Aldrich) had a Mw of -70,000 g/mol, a
polydispersity of 3-5, and a degree of sulfonation of -0.88 determined by proton NMR.
Poly(acrylic acid, sodium salt) (PAA, Aldrich, Mw 30,000 g/mol) was received as a 40
wt. % solution in water. The copolymers of varying charge density, Poly[(sodium
acrylate)-co-acrylamide] (PAAPAM, Polysciences) were obtained at percentages of
carboxylate incorporation of 70 % (200,000 g/mol), 40 % (10,000,000 g/mol), and 10 %
(200,000 g/mol). It should be noted that all materials used in this study were used as
received with no further purification. The cationic surfactants used in these
experiments, cetyltrimethylammonium chloride and cetyltrimethylammonium bromide,
(CTAC and CTAB respectively) were obtained from Aldrich. CTAC was received as a
25 wt. % solution in water, while the CTAB was received as a white, crystalline
powder.
Solution preparation )i
Polyelectrolyte and surfactant solutions were prepared at various ionic strengths
(1, 10, 100, and 200 mM NaCl) for these experiments. All polyelectrolyte solutions
were made at a concentration of 0.485 mM monomer using water purified by reverse
osmosis. PAA and PAAPAM solutions were also buffered using a 1 mM
tris[hydroxymethyl]-aminomethane)/HCl buffer at pH 9. Corresponding surfactant
solutions were prepared at the same concentrations of salt and buffer as those used in
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the polyelectrolyte solutions. Surfactant solutions were prepared at concentrations
ranging from 4.2-5.2 mM.
Turbidity
Turbidity measurements were carried out on a Hitachi U-3010 UV-Vis
spectrophotometer at a wavelength of 600nm. Experiments were preformed at room
temperature using a 1 cm path length cell. Data were reported as absorbance, where A
=
-log(I/Io), even though this is technically a scattering experiment. An automated
surfactant injection system was developed using a Microlab 500 series dual-syringe
auto-titrator/dilutor. Both instruments were controlled through a PC using the Igor
software package, a VDT emulator, and a self-designed procedure that allowed for user
defined injection sizes, number of injections, wavelength specification, and data
formatting options.
Isotliermal Titration Microcalorimetr>
Calorimetry data were collected using a Microcal VP-ITC isothermal dtration
microcalorimeter. The technique allows for the stepwise addition of microliter amounts
of surfactant solution to a polyelectrolyte solution and measurement of any heat evolved
as a result of interactions occurring within the system. It is an isothermal process, in
which the temperature of the sample cell is kept constant relative to a reference cell.
The reference cell is typically filled with the solvent that is being used in the
experiment, which in this case is water. The rate of heating required to maintain a
constant temperature within the sample chamber is measured as a fiinction of added
surfactant concentration, and the total heat evolved per injection is determined through
integration of the curve with respect to time. Because the added aliquots are so very
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small, the amount of heat generated per injection is equivalent to a change in enthalpy
for the system/" This change in enthalpy can be attributed to different
reactions/interactions that occur within the solution. The concentrated surfactant
solution was introduced using a 300 ^iL syringe/stirring apparatus at a stirring speed of
315 rpm. The mixture was allowed 5-7 minutes to reach equilibrium after each
injection. Polyelectrolyte experiments were carried out by injecting a 4.2 mM CTA+
solution, in 10 |^L increments, into 1.5 mL of a polyelectrolyte solution (0.485 mM).
Our calorimetry experiments were carried out at 30 °C and results were reported in
calories/mol of injected surfactant.
Initial calorimetric experiments involved the measurement of the critical micelle
concentration ofCTAC as a function of sodium chloride concentration. Figure 3.1
depicts the measurement of the cmc ofCTAC at various ionic strengths. This is an
example of the type of experiments that can be performed using ITC. It is well known
that, as the activity of a monovalent salt (NaCl) is increased in an aqueous surfactant
solution, the critical micelle concentration of the surfactant will decrease."^'
For this experiment, a CTAC solution, which is well above the cmc, is titrated
into water. Both solutions contain the same concentration of salt in order to avoid
changes in heat caused by ion dilution. In the early stages of the titration, as surfactant
solution is added to water, the micelles present in the surfactant solution disassemble as
a result of dilution, and a resulting endotherm is observed in the calorimetry profile.
Because micelle assembly is typically an exothermic process, disassembly is witnessed
as an endothermic event. Once the cmc is reached within the sample chamber, micelles
are simply being added to a solution above the cmc, which results in a minimal enthalpy
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change. Isothermal titration microcalorimetry is an extremely powerful tool allowing
for the measurement of any enthalpic change that occurs within a solution. It is
important to remember, though, that multiple events may be occurring simultaneously
within a solution, and that individual enthalpic contributions may not always be easily
dissociated.
Electromotive Force
A surfactant selective electrode was constructed in a manner similar to that
described by Hyakawa and Kwak.^ The choice of our membrane material was similar
to that described by Bloor, but we opted to use a membrane electrode rather than a
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coated wire electrode as described in the article. Our membrane was prepared by
starting with a negatively-charged PVC which is commercially available from Aldrich
designated as poly(vinyl chloride), carboxylated (carboxyl content 1 .8%). A 6.7
mg/mL carboxylated PVC solution was prepared in 10 mL of THF. This solution was
added drop-wise to a 250 mL CTAC solution at 4 times the CMC (~ 4 mM). Upon
addition the PVC precipitated, and this mixture was allowed to stir for 48 hr. The PVC
was then filtered, washed thoroughly with deionized water 3 times and then allowed to
dry overnight under vacuum. A mixture of 0.8 g of the conditioned PVC and 1 .2 g of
the plasticizer, poly(ethylene-co-vinyl acetate-co-carbon monoxide) (Aldrich), were
dissolved in 6 mL ofTHF at 40 °C. The solution was then cast in a 10-cm diameter
crystallization dish, and the solvent was allowed to evaporate in air overnight. The film
was partially covered to prevent dust from accumulating on the surface. The result was
a clear film of roughly 0. 1 mm thickness. An electrode was assembled using a silver
wire enclosed within a hard PVC tube that was sealed at one end. The hollow PVC
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electrode body was filled with a reference solution (4 mM CTAB, 1 mM NaCl) and
then the open end of the electrode was covered with the plasticized membrane. The
membrane was sealed to the end of the electrode using an adhesive solution made of
PVC dissolved in THF.
This membrane electrode was used in conjunction with a reference electrode
(Orion model 90-02 double junction reference electrode). The inner chamber of the
reference electrode was filled with a saturated AgCl solution and the outer chamber was
filled with 2 M NH4CI. The electromotive force (EMF) was measured using a Coming
model 455 pH/ion analyzer and recorded in mV. The membrane showed excellent
selectivity for the cetyltrimethylammonium ion, regardless of counter ion, over a wide
range of ionic strengths (1-200 mM NaCl). Good Nemstian behavior was observed for
all measurements at our experimental conditions. All measurements were carried out at
temperatures ranging from 28-30 °C. Precise control of sample temperature was
difficult to maintain throughout the run.
Electrode measurements
Calibration of Surfactant Selective Electrode
Critical micelle concentrations were measured by titrating a concentrated
surfactant solution into 20 mL of water. The ionic strength was kept constant in both
the surfactant and sample solutions, and ranged between 1-200 mM NaCl. Experiments
were also carried out at 1 mM NaBr, but measurements could not be made at higher
NaBr concentrations because the high bromide content was found to cause the CTAB to
precipitate. The surfactant solution, either CTAC or CTAB, was typically made at a
concentration = 4 mM. Addition of the concentrated surfactant solution was carried out
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in a step-wise manner using the Hamilton Microlab 500 B/C titrator/diluter in
increments of 0.2 mL/injection. Typical results can be viewed in Figure 3.1. It should
be noted that the electrode shows good Nemstian behavior over the entire range of ionic
strengths and also shows good agreement with the CMC's measured via ITC. (Table 4)
where E is the measured potential of the electrode (mV), k is a constant set by the
standard electrode potential, R is the universal gas constant, T is the temperature, z is
the charge number of the electrode reaction, F is the Faraday constant, C is the free
concentration of surfactant, and Co is a standard state concentration. According to this
equation, a plot of E vs. log C should yield a straight line with a slope of -59.12 mV.
From Figure 3.2, we note that at all measured salt concentration we show a good
Nemstian response to surfactant concentration, and a minimal effect ofNaCl
concentration. The measured slope was determined to be 59.36 mV. The data plotted
in Figure 3.2 were used as the calibration curve for the electrode. All measured free
surfactant concentrations were calculated based on this calibration curve. The
calibration was created using the initial linear portion of each titration curve where the
log of the added surfactant concentration was plotted versus the measured voltage
response. The combined data was fit using a linear function and the resulting equation
was y = 59.359*x + 139.97 (R^=0.9967). This function was used to calculate all free
surfactant concentrations in the polyelectrolyte-surfactant binding experiments.
In the presence of a polyelectrolyte, it was found that there was some interaction
between polystyrene sulfonate and the membrane of our surfactant selective electrode.
2303RT
zF (3.8)
Polymer/Surfactant Electrode Measurements
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In order to avoid such interactions, and any ill effects they might have on our surfactant
concentration readings, we conducted all of our polyelectrolyte/surfactant binding
experiments with a dialysis membrane protecting our membrane electrode tip. A simple
procedure was used involving Spectra/Por 7 regenerated cellulose dialysis tubing with a
molecular weight cut-off of 1000 g/mol. This cutoff was chosen to allow free diffusion
of the surfactant molecules while excluding the polyelectrolyte. A short section of
tubing was cut and secured to the end of the membrane electrode. It was then filled
with 1-2 mL of NaCl/buffer solution, prepared exactly as the polyelectrolyte solution.
The end of the tubing was then sealed with a dialysis tubing clip. Because equilibration
of surfactant across the dialysis membrane was found to take several hours, each
titration experiment took between four to five days. In order to avoid solvent
evaporation, our experiments were performed in a sealed reaction vessel which was
constructed from a 120 mL narrow-mouthed glass jar with a sealed screw-cap lid.
Holes were drilled in the top of the lid to accommodate both the membrane and
reference electrodes and the titration feed tubing. Each of the electrode holes was lined
with a rubber o-ring to seal the opening.
Once the set-up was assembled, solutions were allowed to equilibrate for 24 hr
before starting an experiment. Measurements were conducted using 30 mL of 0.485
mM polyelectrolyte solution at various ionic strengths. (The concentration of 0.485
mM actually refers to the concentration of monomer units in the solution.) The final
polyelectrolyte concentration was calculated based on the volume of water inside the
dialysis tubing. Poly(acrylic acid) solutions were also buffered at pH 9 using 1 mM
Tris/HCl. Surfactant solution, at a concentration of 4.2 mM, was titrated into the stirred
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polyelectrolyte solution in 0.2 mL increments. After each injection, the solution was
allowed to equilibrate for 3 hours before a measurement was taken. Unfortunately it
was found that, at very low ionic strengths ( 1 mM), the surfactant appeared to bind to
the dialysis tubing near the cmc, preventing accurate surfactant concentration
measurements near the cmc. Measurements taken below this concentration were
unaffected by the dialysis membrane. Free surfactant concentration was calculated
using the measured voltage response and the calibration curve described earlier.
Assuming a starting concentration of 0.485 mM monomer units, and a starting
volume of 30 mL, we can calculate the number of polymer molecules present. For
polystyrene sulfonate we use a monomer fiinctional weight of 206 g/mol to calculate
that each polymer molecule is made up of approximately 340 monomers. Polyacrylic
acid is calculated to have approximately 3 1 9 monomers per polymer chain. Using these
values we calculate that the number of polymer chains present in each solution is
approximately 2.58 x lO"^ for PSS and 2.74 x lO'^ for PAA.
Results
Turbidity
It is well established that as surfactant solution is added to an oppositely charged
polyelectrolyte solution, at a certain charge ratio, a highly-ordered, insoluble
polyelectrolyte/surfactant complex will be formed. The characterization of the intricate
structures of these complexes is an area that has been covered in great detail by several
other groups^ '^ including the work discussed in the previous chapter. The focus of this
research is on monitoring the thermodynamics of complex formation and evaluation of
the transition between soluble and insoluble complex. The preliminary experiments
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carried out were very simple ones concerning identifying this transition point. A
surfactant solution is titrated into a polyelectrolyte solution, and the turbidity is
measured via a UV-vis spectrophotometer. Data is reported in absorbance vs.
concentration of surfactant, although this is actually a scattering experiment. From
these measurements, we can extrapolate the critical surfactant concentration at which
precipitation takes place.
Turbidity measurements were conducted at room temperature and typical results
are shown in Figure 3.3. It is interesting to note that precipitation for poly(styrene
sulfonate) does not occur at a 1:1 ratio of surfactant to polymer charge. Indeed
precipitation occurs at a much earlier ratio, somewhere near 0.68. Experiments
involving polyacrylic acid carried out at similar conditions resulted in precipitation at
much higher ratios, closer to 1 .0. It is also interesting to note that PAA begins to
precipitate at a constant rate up until the transition point. Some questions were raised as
to the degree of charge of the polystyrene sulfonate sample that we used in these
experiments. From proton NMR we were able to determine that the degree of
sulfonation was roughly 0.88 (88 % of the monomers were charged), and this fact could
partially explain why the polystyrene sample appeared to precipitate at lower relative
concentrations of surfactant. We have also verified via elemental analysis that our
precipitated polystyrene sulfonate-cetyltrimethylammonium chloride complexes are
roughly 100% neutralized, within the degree of error associated with the technique.
(Data for NMR and elemental analysis can be found in Appendices II and III) This
would further support the idea that the complexes precipitate near the charge
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neutralization point. This would also indicate that the surfactant in the precipitated
complex was in equilibrium with the surfactant in the soluble phase.
We have also conducted turbidity measurements as a fiinction of polyelectrolyte
concentration. Our results displayed in Figure 3.4, which agree with documented
results'*^"*'*, show that as polymer concentration is reduced, the ratio required for
precipitation is increased. A similar trend occurs at very high polyelectrolyte
concentrations as well, and for a more detailed explanation the reader is referred to
reviews of polyelectrolyte-surfactant systems.^^'
'^^
Isothermal Titration Microcalorimetry
As explained previously, ITC allows for direct measurement of the change in
heat in a solution as interactions or reactions occur within the system. Therefore, it is
possible to approximately measure enthalpy changes associated with different events in
the binding profile for polyelectrolyte/surfactant systems. Figure 3.5 is an example of
the ITC data for PSS as CTAC is added in a stepwise fashion. A number of regions
have been labeled within the profile. Region A represents strong initial binding to the
polymer at very low surfactant concentrations. Because of the large exotherm at such
low concentrations of CTAC, we assume that binding is very strong and that almost all
surfactant molecules present in the system are bound to the polymer. Other researchers
have shown, through measurements made with a surfactant selective electrode, that
binding ofCTAB to PSS begins above about 1%/wt surfactant concentration relative to
the total amount of polyelectrolyte charge in solution. Region B represents the point
at which the individual polymer chains begin to become crowded with micelle-like
aggregates. As more and more surfactant is added, fewer binding sites remain available
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along the polymer chains, subsequently binding becomes less favorable. At a certain
point, binding becomes unfavorable from an enthalpic standpoint, resulting in a switch
from an exothermic response to one that is endothermic. Region C represented by a
slight down-turn in the plot, may be related to a type of secondary, or weaker, binding
between the now insoluble complexes and micelles. It could also be related to the
transition between soluble and insoluble complex as more and more of the
polymer/surfactant complexes precipitate from solution. We know that the complex
precipitates in this regime from turbidity data. Region D closely resembles the cmc
profile for CTAC as displayed in Figure 3.1. It is displaced from its typical position due
to surfactant being consumed in the binding process. From this displacement of the
cmc, we are able to roughly calculate the amount of surfactant that has bound to the
polymer chain at the saturation point.
When compared to micelle disassembly, the initial binding interaction between
PSS and CTAC is strongly exothermic rather than endothermic. This would indicate
that the binding interaction is extremely favorable, much more so than disassembly of
micelles. In contrast, interactions between cationic surfactants and non-ionic,
hydrophilic water-soluble polymers typically have shown an endothermic trend
associated with binding.
PSS-CTAC: Effect of Ionic Strength
Calorimetric curves for mixing 4.2 mM CTAC solutions with PSS are shown in
Figures 3.6 and 3.1 1. Figure 3.6 depicts the change in enthalpy of binding for PSS-
CTAC as a function of surfactant concentration, when the ionic strength was varied
from 1-200 mM NaCl. For all systems, pronounced exotherms are initially observed,
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with the initial exotherm being highly dependent on ionic strength. The general trend is
that increasing the ionic strength decreases the strength of the binding interaction
between the two species. The shift in enthalpy toward a more endothermic reaction
would presumably be due to screening of the electrostatic attractive forces between the
surfactant and the polyelectrolyte. Increasing the ionic strength would also have an
effect on the entropy gain associated with counter ion release. Although the interactions
are screened to a greater degree at 200 mM NaCl, the enthalpy of binding is still
strongly exothermic, indicating that more than electrostatic interactions are at play in
the binding interaction. As previously discussed we believe the majority of the
exothermic response to binding is due to hydrophobic interactions between the PSS and
CTAC micelles. Obviously the hydrophobic effect (~ -2200 cal/mol) does not fully
account for the strong exotherm observed, but it is most likely the greatest contributing
factor. The observed changes in enthalpy associated with ionic strength are most likely
due to screening of the charges along the polymer chain and at the surfaces of micelles.
PAA-CTAC: Effect of Ionic Strength
Experiments, alike in design to the PSS-CTAC salt studies, were performed on
the PAA-CTAC system. A similar trend is noted in Figure 3.7, which again shows a
shift towards a more endothermic reaction as ionic strength is increased. The PAA-
CTAC trend is a bit more complicated than PSS-CTAC, due to the decrease in AH with
increasing surfactant concentration. This would indicate that the binding interaction, at
least from an enthalpic point of view is becoming more favorable as surfactant
concentration is increased. This is indicative of a "cooperative" binding interaction, in
which bound surfactant molecules assists in the binding of additional surfactant as
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concentration is increased. Cooperative binding is believed to be driven primarily by
hydrophobic interactions between alkyl chains of surfactant molecules.'*'' It should be
noted that, unlike PSS, PAA must be buffered at pH 9 to guarantee that the acid groups
remain fully dissociated during surfactant titration. The exothermic peak observed in
Figures 3.7 and 3.12 indicates that beyond a certain concentration of surfactant, a
maximum exotherm is reached and binding again becomes less favorable until the point
that addition of surfactant to the polyelectrolyte-surfactant complex is negligible.
Surfactant Selective Electrode
The surfactant selective electrode was used to measure free surfactant
concentration over the same surfactant concentration ranges as examined with ITC.
Typically, researchers have used surfactant selective electrodes to measure cac's for
various polymer-surfactant systems."^' Because we were attempting to compare data
measured via ITC with potentiometry, and because the cac for PSS-CTAC is orders of
magnitude below the concentration ranges we examined, we did not measure cac's for
our polymer-surfactant systems. The surfactant concentrations that we did record are
still of great value, because they give good insight into the chemical potential of the
surfactant within the complex, assuming that at equilibrium the chemical potential of
the surfactant in free solution is equivalent to the chemical potential of the surfactant
bound within the polyelectrolyte-surfactant complex.
Again, first examining poly(styrene sulfonate), we note that most of the
surfactant initially added to the polyelectrolyte solution binds instantly (Figure 3.8).
Looking just at the binding isotherm, surfactant is observed to bind strongly at first and
then less so as concentration increases. Assuming that all samples are at equilibrium
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during measurement, we can calculate the chemical potential of the free surfactant using
the concentration measured with the surfactant selective electrode. While it is difficult
to measure the total free energy change for the system it is possible to estimate the free
energy change associated with constructing or deconstructing a polyelectrolyte-
surfactant complex. The chemical potential for the surfactant molecules were used to
calculate the free energy associated with removing a surfactant molecule from the
polyelectrolyte-surfactant complex. Because we are now treating the system on a
molecular basis, we report the free energy in units ofkT and plot it versus the number
of surfactant molecules per polymer chain as shown in Figure 3.9.
Enthalpies associated with binding were converted to the same units as the
calculated change in free energy. Figure 3.1 1 provides the corresponding enthalpic data
in the same units. Typically an assumption is made in microcalorimetry experiments
that all surfactant added to the reaction vessel binds to the polyelectrolyte. We know
that this is not the case based on the data collected with the surfactant selective
electrode. Using the measured free surfactant concentration, we were able to calculate
the total amount of surfactant bound in each injection. This knowledge was used to
correct the change in free enthalpy data to account only for surfactant molecules bound
to the polyelectrolyte. This is also captured in Figure 3. 11.
The free energy data indicates that near charge neutralization very little energy
is required to add or remove a surfactant molecule from the polyelectrolyte-surfactant
complex. As you remove more and more surfactant molecules each additional removal
requires a greater amount of energy until the final molecules require tens of kT's per
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molecule. This indicates that the binding interaction is particularly strong and it would
take a great deal of energy input to reverse the binding process.
Chemical Potentials: PSS-CTAC
For the PSS-CTAC system, as expected, the binding interaction is extremely
favorable, very similar to the observed trend in the calorimetric data. Again we note
that the initial binding interaction is dramatically affected by ionic strength. Though,
salt concentration seems to have an even greater effect on the chemical potential of the
surfactant than it does on the enthalpic data. This is understandable, as the enthalpy
change is primarily caused by hydrophobic effects and has little to do with counter ion
release. Initially, polymer concentration would have little effect on the free energy of
binding because binding seems to be limited, not by polymer concentration, but by
volume constraints of the surfactant. As binding sites on the polyelectrolyte diminish,
binding becomes less favorable, and eventually becomes negligible as the complexes
precipitate. '
The difference in change in free energy at various salt concentrations is
significant for the PSS-CTAC system. At very low surfactant concentrations, there is a
difference of >40 keT between low salt (1 mM NaCl) and high salt (200 mM NaCl)
conditions. This huge difference is likely linked to counter ion release from the
polyelectrolyte and the surfactants. This interaction appears to be strongly driven by
counter ion release, and the associated entropic gains accompanying this phenomenon.
As salt concentration increases, the entropic gain associated with counter ion release is
reduced. At a high enough salt concentration the entropic gains near zero and
associations between the surfactant and polyelectrolyte are extremely weak.
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There have been difficulties associated with measuring surfactant concentration
at low ionic strengths in conjunction with the dialysis membrane. At low salt
concentrations, the surfactant seems to bind to the membrane material when the free
surfactant concentration approaches that of the cmc. This means that measurements of
the free surfactant concentration, during surfactant-polymer binding, made at 1 and 10
mM NaCl, are shifted to lower than expected values near the cmc. That means that
calculating the chemical potentials at high concentrations of surfactant becomes
suspect, due to the high degree of error in the concentration measurements. The
concentration readings below this point seem unaffected by the membrane material, and
this seems in line with typical behavior for neutral polymer-cationic surfactant systems,
where binding seems to begin slightly below the cmc.
Chemical Potentials: PAA-CTAC
Measurements of the free surfactant concentration as a function of added
surfactant were made with PAA and CTAC at the same ionic strengths as the PSS
system, and these measurements were used to calculate change in free energy for the
PAA-CTAC system (Figure 3.10). We note that the binding behavior seems very
similar to that of PSS-CTAC, but that the binding strength seems somewhat diminished.
The PAA samples are fiilly charged at pH 9, unlike the PSS which is only ~ 88%
charged due to incomplete sulfonation. The weakened binding interaction for PAA was
expected though, due to the fact that the carboxylic acid is a weaker acid than the
sulfonate group and because of the greater hydrophobicity of the PSS. The change in
the chemical potential with increasing saU concentration is very similar to that for PSS
in terms of initial binding strengths, they are simply shifted to higher values.
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Interestingly at the highest salt concentration, binding is almost completely screened for
this system. Very little of the surfactant is bound, which also explains the change in the
enthalpy for PAA-CTAC which primarily reflects a small amount of bound surfactant
and the rest dissociating from micelles into free surfactant molecules.
Thermodynamic Analysis: TAS
With both the energetic and enthalpic data in the same form it is possible to
calculate the change in entropy for both the PSS-CTAC and PAA-CTAC systems.
Figure 3.13 displays each of the thermodynamic parameters (AG, AH, and TAS) as a
function of the surfactant (CTAC) molecules bound per polymer (PSS) chain at 1 mM
NaCl. For this system as well as PAA-CTAC and at all salt concentrations it is
apparent that the enthalpy change during binding is minor compared to the change in
entropy. As hypothesized earlier, the major contributing factor in these binding
interactions is the entropy gained from counter ion release.
Figure 3.14 shows the change in entropy for PSS-CTAC as a ftinction of varying
ionic strength. As expected, the entropy change during the early stages of binding is
greatly effected by change in ionic strength. With increasing ionic strength, the
entropic gain generated by counter ion release is reduced during binding. It is also
interesting to note a peak in the entropic data for the PSS-CTAC system. This peak is
possibly linked to the sudden precipitation of the complex that occurs at this point in the
titration.
Figure 3.15 displays the same change in entropy data for the PAA-CTAC
system. The change in entropy is very similar to that observed for the PSS-CTAC
system. This is reasonable considering the change in entropy is linked primarily to
69
counter ion release, and the number of ions released during binding in both systems
would be roughly the same. Effects of ionic strength again appear to be the same as in
the PSS experiments, with increasing ionic strength being tied to a decrease in the
change in entropy and thus a weaker binding interaction. The PAA-CTAC entropic
data does not display the same peak seen in the PSS-CTAC trace. This is likely tied to
the fact that PAA-CTAC precipitates throughout the titration, while PSS-CTAC shows
an abrupt transition from soluble to insoluble.
PAAPAM-CTAC: Effect of Charge Density
Copolymers of acrylic acid and acrylamide, made by random copolymerization,
of varying charge density were also examined at similar conditions as those discussed
for PAA. All PAAPAM-CTAC experiments were performed at 1 mM NaCl and all
solutions were buffered with 1 mM Tris/HCl (pH 9). These experiments were
conducted at a constant molar concentration of monomer, not molar concentration of
charge. Thus we see a shift in the binding exotherm to lower and lower charge ratios
(Figure 3.16), with a decrease in charge density. Obviously concentration of the
charged monomer units also has a significant effect on the enthalpy of binding. It is
well known that the binding interaction between a surfactant and polyelectrolyte
decreases significantly with decreasing polymer concentration. But in previous
experiments involving varying concentrations of PSS, we noted that the total change in
enthalpy associated with binding did not change significantly with polymer
concentration, only the kinetics of binding seemed to be affected. Therefore, the
decrease in the enthalpic contribution is likely related to the average separation between
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charge groups along individual copolymer chains and not due to the decrease in charged
monomer concentration.
Figure 3.17 displays the same calorimetric data for the copolymers corrected for
total charge by plotting change in enthalpy by ratio of surfactant to polymer charge. If
the difference in change in enthalpy were do solely to concentration of charge each of
the exothermic peaks should line up. This seems to be the case for the copolymers
which now have overlapping peaks, but the fiilly charged PAA still shows a stronger
interaction than either of the copolymers, indicating that there is also a contribution
made by counter ion release.
Considering the difference in reactivity between the two monomers, acryhc acid
and acrylamide, it is expected that their copolymerization would result in a block
copolymer, or at least a copolymer with blocky segments of each monomer. Molecular
weight has been shown to have a negligible impact on the enthalpy of binding between
highly charged, anionic polyelectrolytes and CTAC (from Mw of 10,000 to 10,000,000
g/mol). Because the peak in the enthalpy of binding is shifting to lower concentrations
with decreasing charge density (even after accounting for charge density) we believe
that the charged blocks ofPAA are either becoming more random or that the charged
blocks are becoming very short. This would make binding and supporting the growth
of micelles to be more difficult and thus less favorable. Likewise it is observed that the
magnitude of the peak does not scale linearly with charge density, which again indicates
less cooperative binding with lower charge density. It would be interesting in future
investigations to compare true block copolymers of similar charge density to their
random counterparts.
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The copolymer of 10% charge density shows no significant interaction when
compared to a previously run sample of polyacrylamide and CTAC. However, there is
an undiscemible peak present in the enthalpy curve of the 10% copolymer and CTAC at
an approximate concentration of 0.02 mM CTAC. This means that even at 10% charge
density CTAC binding is a mildly cooperative process.
Chemical Potentials: PAAPAM-CTAC
Calculation of the chemical potentials of the copolymers is possible, as shown in
Figure 3.18, but it is difficult to compare the results to the homopolymers. This is due
to the molecular weight of the copolymers being orders of magnitude higher than the
PAA or PSS. Thus we have chosen to display the data in terms of total surfactant
concentration. Binding becomes weaker with decreasing charge density. But, even for
10% charge, we observe fairly high degrees of binding. This indicates that lowering the
charge density of the polyelectrolyte will weaken the binding interaction, but that the
binding remains strongly favorable.
Discussion
Ifwe compare the heat generated during binding ofCTAC to PSS and PAA, we
note a large difference between the behaviors of the two systems. While binding of
CTAC to PSS is strongly exothermic initially, binding to PAA is endothermic for the
most part, indicating that the binding interaction between PSS and CTAC is much
stronger than that for PAA and CTAC. This observation is supported by the fact that,
for a similar surfactant system (DoTAB), the cac for PSS-DoTAB complexes is almost
two orders of magnitude lower than that for PAA-DoTAB.^'*' There are two valid
explanations for this phenomenon, and most likely both contribute to the increased
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binding strength for PSS-quatemary ammonium surfactant systems. One is the
difference in hydrophobicity between the two polymers in question. The benzene ring
of polystyrene sulfonate makes it much more hydrophobic than PAA. The effect of
hydrophobicity has been discussed previously in chapter 2.
The hydrophobic effect relates the energy gain associated with removing a
hydrophobic molecule from an aqueous environment and placing it into a more
hydrophobic environment. This can also apply, however, to removing a hydrophobic
material from an aqueous environment and placing it within the hydrophobic core of a
micelle. Many experiments support the idea that PSS inserts itself, at least partially,
into the core ofCTA+ micelles driven by the hydrophobic effect. A number ofNMR
experiments have been done on PSS and quaternary ammonium surfactants, and all
show strong evidence indicating that the benzene ring of the PSS is moved from a polar
environment to a less polar one as surfactant is added. This most likely is caused by
incorporation of said group within the core of the micelles.
It is also possible to calculate or measure the total heat associated with removing
a benzene ring from water and placing it within a micelle. The standard free energy
associated with transferring a hydrophobic molecule from aqueous solution to the
interior of a micelle can be calculated from:
where Xw and Xmic are the concentrations of the compound in the aqueous phase and in
the micelle. For these types of equilibrium measurements there is typically a linear
relationship between the free energy and the number of carbons in the hydrocarbon
chain. Measurements have been taken previously on a series of hydrocarbons of
(3.9)
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increasing number of carbons, and a least-squares treatment of the free energies was
obtained, resulting in the following relation:
=-1934- 771
-/^^ (3.10)
There is a fairly large amount of error associated with these measurements, but
they do predict a change in free energy for benzene of roughly -6500 cal/mol. Based on
these measurements we can also estimate a change in enthalpy of roughly -2100 cal/mol
for the transfer of benzene molecules from water to the interior of a micelle. This is a
reasonable value, and very similar to our measurements of the difference in change in
enthalpy for PSS and PAA.
A second explanation is related to the dissociation constant of the acid groups of
each of the polyelectrolytes. The carboxylic acid ofPAA is a much weaker acid than
the sulfonate group on PSS. This is evident just from comparison of their pKa's, ~4.5
for PAA^^ compared to -2.5 for PSS"'*'*' In fact, measurements have been performed
previously on a polymer with a backbone similar to PAA, but with an acid group very
similar to PSS, Polyvinylsulfate (PVS). The only difference between the two polymers
is the acid group, and yet the cac for PVS-DoTAB is almost an order of magnitude
lower than that of PAA-DoTAB."^^ This would indicate that acid strength also plays a
strong role in the intensity of the binding interaction.
For all three systems, binding is observed and a precipitate is formed near the
charge neutralization point of the polyelectrolyte. In addition, it is obvious that the
enthalpic contribution for each system is a small to moderate portion of the driving
force for binding. Binding is clearly strongest of the PSS-CTAC system at low ionic
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strength, verified by the both calorimetric and potentiametric techniques. This would
indicate that the hydrophobic nature of PSS may strengthen this interaction by assisting
in nucleation and stabilization of micelle-like clusters of surfactant molecules. The acid
dissociation constant may also play a role in this interaction as the sulfonate group is a
much stronger acid that the carboxylic acid of PAA.
At low ionic strength, the energies associated with binding are very large (~ 60
kT), and with increasing salt concentration that interaction strength diminishes
significantly. Because these interactions are so strong for all systems all low ionic
strength, this would indicate that counter ion release and electrostatic interactions likely
play a significant role in polyelectrolyte-surfactant binding.
The most interesting result is that, although the change in enthalpy for binding in
the PAA-CTAC system was endothermic initially, the binding strength was still
extremely strong (only slightly weaker than the PSS-CTAC system). This would
indicate that for this system, and likely all of these systems, the surfactant aggregation
process in the presence of the polyelectrolyte is strongly driven by increases in entropy,
these increases being closely tied to counter ion release.
Conclusions
Isothermal titration microcalorimetry is becoming an increasingly useful tool in
examining polyelectrolyte surfactant interactions. We have shown that it can be even
more useful when combined with potentiometric techniques. Our measurements show
that polystyrene sulfonate binds very strongly to the oppositely charged surfactant,
cetyltrimethylammonium chloride. Polyacrylic acid also binds CTAC very effectively,
but the interactions in this system are weaker than those for PSS-CTAC. We have
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shown that a combination of hydrophobicity and acid strength contribute to this
increasingly powerful binding interaction. In examining a copolymer of varying charge
density, we note that decreasing charge density significantly diminishes the attractive
force between CTAC and PAAPAM. Typically adjusting polymer concentration does
not affect the binding strength by any appreciable amount, and thus would imply that it
is not simply a decrease in the concentration of charge groups which is affecting the
binding strength but a difference in charge group separation distance. In all cases, the
binding interactions were strongly favorable, and enthalpy played a small to moderate
roll in the binding interaction. This would indicate that the binding process is strongly
entropy-driven, in all cases, driven primarily by counter ion release.
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Figure 3.1: Plot of Change in Enthalpy Per Injection as a Function ofCTAC
Concentration; cmc Measurement as a Function of NaCl Concentration: (+) 1 mM
NaCl, (o) 10 mM NaCl, () 100 mM NaCI, (A) 200 mM NaCl
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Figure 3.2: Plot of EMF Versus Concentration of CTAC; cmc Measurement as a
Function of NaCI Concentration: (+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM
NaCl, (A) 200 mM NaCI
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Figure 3.3: Plot of Turbidity Versus Ratio of Surfactant Concentration to
Polyelectrolyte Concentration Displaying Increasing Turbidity with Increasing
Neutralization of the Polymer by the Surfactant
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Figure 3.4: Plot of Ratio of Surfactant to Polyelectrolyte Charge at which
Precipitation Occurs Versus Concentration of Polyelectrolyte
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Figure 3.5: Plot of the Enthalpy Change per Injection as a Function of Total
CTAC Concentration for the PSS-CTAC System in 100 mM NaCl
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Figure 3.6: Plot of the Enthalpy Change per Injection as a Function of Total
CTAC Concentration for the PSS-CTAC System at Various Concentrations of
NaCl: (+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM NaCi, (A) 200 mM NaCl
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Figure 3.7: Plot of the Enthalpy Change per Injection as a Function of Total
CTAC Concentration for the PAA-CTAC System at Various Concentrations of
NaCl: (+) 1 mM NaCl, (o) 10 mM NaCI, () 100 mM NaCI, (A) 200 mM NaCI
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Figure 3.8: Binding Isotherms of CTAC with Poly (styrene sulfonate) at Various
Ionic Strengths: (+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM NaCl, (A) 200 mM
NaCl
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Figure 3.9: Plot of Change in Free Energy as a Function of Number of Bound
Surfactant Molecules Per Polyelectrolyte Chain for the PSS-CTAC System:
(+) 1 mM NaCI, (o) 10 mM NaCI, () 100 mM NaCI, (A) 200 mM NaCI
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Figure 3.10: Plot of Change in Free Energy as a Function of Number of Bound
Surfactant Molecules Per Polyelectrolyte Chain for the PAA-CTAC System:
(+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM NaCl, (A) 200 mM NaCl
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Figure 3.11: Plot of Change in Enthalpy Per Injection as a Function of Number of
Bound Surfactant Molecules Per Polyelectrolyte Chain for the PSS-CTAC System:
(+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM NaCl, (A) 200 mM NaCl
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Figure 3.12: Plot of Change in Enthalpy Per Injection as a Function of Number of
Bound Surfactant Molecules Per Polyelectrolyte Chain for the PAA-CTAC
System: (+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM NaCl, (A) 200 mM NaCl
Figure 3.13: Plot of Change in Free Energy (), Change in Enthalpy (•), and TAS
(V) as a Function of the Number of Bound Surfactant Molecules per
Polyelectrolyte Chain for PSS-CTAC (1 mM NaCl)
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Figure 3.14: Plot of TAS as a Function of Number of Surfactant Molecules Bound
per Polyelectrolyte Chain for the PSS-CTAC System at Various Ionic Strengths:
(+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM NaCI, (A) 200 mM NaCl
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Figure 3.15: Plot of TAS as a Function of Number of Surfactant Molecules Bound
per Polyelectrolyte Chain for the PAA-CTAC System at Various Ionic Strengths:
(+) 1 mM NaCl, (o) 10 mM NaCl, () 100 mM NaCl, (A) 200 mM NaCl
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Figure 3.16: Plot of the Enthalpy Change per Injection as a Function of Total
CTAC Concentration for the PAAPAM-CTAC System at 1 mM NaCl at Various
Co-polymer Charge Densities: (+) 100 % Charge, (o) 70 % Charge, () 40%
Charge, (A) 10 % Charge
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Figure 3.17: Plot of the Enthalpy Change per Injection as a Function of Fraction
of Charge Neutralization for the PAAPAM-CTAC System at 1 mM NaCI at
Various Co-polymer Charge Densities: (+) 100 Vo Charge, (o) 70 % Charge, ()
40% Charge, (A) 10 % Charge
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Figure 3.18: Plot of Change in Free Energy as a Function of Total CTAC
Concentration for the PAAPAM-CTAC System at 1 mM NaCl for Various
Co-polymer Charge Densities: (+) 100 % Charge, (o) 70 % Charge, () 40%
Charge, (A) 10 % Charge
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CHAPTER 4
ALGINIC ACID HYDROGELS
Introduction
There is a great deal of current interest in the use of biocompatible hydrogels in
the biomedical and pharmaceutical industries.'"^ These types of gels are already being
adapted for many applications in areas including drug delivery, wound healing, and bio-
separation. It is important to understand that for any material to be considered for
implantation within the body, it must meet a number of important criteria. Firstly, it
must be biocompatible, meaning that it does not produce a toxic or immunological
response in living systems. Secondly, it must not encourage the absorption of non-
specific proteins to its surface. Thirdly, it must be biodegradable, meaning that it will
break down in the body over time. ' There is also a great deal ofnew interest in
materials that are not only biocompatible but also bioactive."* Bioactive materials are not
only accepted by the body as harmless, but they work with the body to perform certain
functions. Increasingly, the biomedical industry will be moving towards the use of
more and more biologically active materials for in vivo applications.
Investigators are currently considering a number of potential naturally occurring
materials that could be used for biomedical purposes, like proteins and polysaccharides.
This project involves the use of polysaccharides which we have previously examined in
conjunction with oppositely charged surfactants. We are interested in polysaccharides
because they meet the earlier mentioned criteria of materials that can be used safely in
the body. It is also an added benefit that they can be easily modified and crosslinked
with simple chemistries.
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One potential use of polyelectrolyte-surfactant complexes could be in the
creation of nanostructured hydrogels. Because their structure is mediated by the
surfactant phase, the surfactant can be used as temporary scaffolding, giving form to the
polysaccharide phase. The surfactant phase will determine the phase structure of the
complex, and the polyelectrolyte phase can then be crosslinked, in theory, locking in the
structure of the hydrogel. If the surfactant phase were then removed, the result would
be a porous nano-structured hydrogel with a very narrow distribution of pore sizes.
Structured gels of this nature could have a number of potential applications ranging
from drug delivery to biomedical scaffolds to filtration applications. Because each pore
would be of the same diameter and geometry, these materials would be perfect for
separations based on particle size. These pores could also potentially be used as wells
for the capture of contaminants in water or the surfaces of the pores could be modified
and used as sites for chemical reactions due to their high surface area.
We have chosen to work with alginate for a number of reasons. First of all, it is
a naturally occurring, biocompatible polymer. This makes it much more attractive than
a synthetic polymer for applications in biomedical and pharmaceutical research.
Secondly, previous work in our laboratory has already been done describing the phase
behavior of alginate when complexed with the oppositely charged surfactant,
cetyltrimethylammonium chloride (CTAC). Knowing how to manipulate the phase
behavior of the system, we can now precisely control our phase structure and unit cell
size simply through the management of the concentration of small ions like sodium
chloride or sodium bromide. Also, through the replacement of the surfactant phase with
a microemulsion composed of surfactant, co-surfactant and oil (which will be discussed
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in greater detail in appendix 1), we are also able to access many phases that were not
available using the pure polyelectrolyte-surfactant complexes. All of this means that
theoretically we could create structured hydrogels with complete control over the phase
structure and pore size of the gels.
This research will deal with chemical modification of alginic acid, producing a
photocrosslinkable polysaccharide. We have chosen to use photocrosslinking because it
will allow us to control precisely when and where the reaction takes place.
Photocrosslinking will allow us to rapidly lock in the structure in a matter of minutes,
thus allowing little time for rearrangement of the complex. The structure of the
modified polysaccharide gels, before and after crosslinking, will be characterized with
small-angle X-ray scattering.
Experimental
Alginic Acid Modification
The modification reaction, which was first described by Smeds and Grinstaff*,
was begun with a 1 %/wt solution of sodium alginate (Sigma). The solution was
buffered at pH 8 using a 0. 1 M TRIS buffer. A 20-fold molar excess of methacrylic
anhydride was added to the solution, and the pH was readjusted to 8 through addition of
a small amount of 5 M NaOH. (Figure 1) The reaction was allowed to run at room
temperature for 24 hours. The modified polymer was then precipitated with an excess
of ethanol (20 times the reaction volume), and then thoroughly washed with ethanol.
The product was then dried overnight in a vacuum oven, and then redissolved in water
to produce a 2% /w solution of modified alginic acid (mAA). Modification of-20% of
the available reaction sites was obtained. The yield was determined through proton
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NMR by comparing the integration of the carbohydrate protons with those of the
methacrylate groups. Representative NMR traces of unmodified and modified alginic
acid are shown in Figures 2 and 3.
Hydrogel synthesis
The 2% mAA solution was complexed with the oppositely charged surfactant,
cetyltrimethylammonium chloride (CTAC), at a stoichiometric charge ratio. When
combined, the two formed a highly ordered, insoluble complex. For 2 mL of the mAA
solution, 5 )iL of a 0.5% solution of eosin Y dissolved in l-vinyl-2-pyrrilidinone and
100 (iL of 5 M triethanol amine were added. This photo-initiator system is activated by
visible light at 514 nm. The complexes, with photoinitiator added, were isolated by
cetrifiigation and were then exposed to a high-intensity visible source for various
lengths of time (20 min-1 hr). In the process, the complexes transformed from pink,
course precipitates to stiff, white, cohesive gels. The gels were then equilibrated in a
10% /w solution of Triton X-100 and 0.5 M NaCl in order to remove the
cetyltrimethylammonium chloride. The white gels slowly became opaque, softer gels
as the surfactant was removed. Progress through each step was recorded with SAXS.
Emulsion-Hydrogel synthesis
The preparation of polyelectrolyte-surfactant microemulsions (PEM) will be
described in greater detail in appendix 1 . In the current study, a mAA-CTAC complex
was made as described above. In addition, 50% (/w surfactant) pentanol and 150% /w
dodecane were added to the complex in order to form our microemulsion system. The
photoinitiator was then added as before; the complex was then thoroughly mixed, and
centrifuged. Crosslinking was performed as described above. The CTAC was again
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removed from the resulting hydrogels, and the progress in each step was follow with
SAXS. One potential problem in this procedure was that the photoinitiator system
likely partitioned within the surfactant phase. Thus the efficiency of the initiator was
most likely reduced in the emulsion systems.
Small-angle X-ray Scattering
Small-angle X-ray scattering (SAXS) measurements were performed on a
Rigaku RU-H3R rotating anode X-ray diffractometer equipped with an Osmic
multilayer focusing optic and an evacuated Statton-type scattering camera. The sample-
to-detector distance was 460 mm, which corresponds to a
^
range of 0.698 nm"' <q<
6.25 nm"' with ^=(47i/A.)sin(9/2), where 9 is twice the Bragg angle. The incident beam
wavelength was 0.154 nm, corresponding to 8 keV Cu Ka radiation. Scattering
patterns were acquired with 10x15 cm^ Fuji ST-VA image plates in conjunction with a
Fuji BAS-2500 image plate scanner, and intensity profiles were obtained from radial
averages of the scattering pattern intensities.
Results and Discussion
Characterization of the modified alginic acid was performed using H- 1 NMR,
performed on a 300 MHz Somekinda NMR. Results of these experiments are shown in
Figure 2 (unmodified alginic acid) and Figure 3 (mAA). By comparing the two images,
the modification is instantly apparent from the appearance of the vinyl peaks at 5.5 and
5.85 ppm and the methyl group at 1.9 ppm. The peaks beginning at 3.5 ppm and ending
at 4.2 ppm have been assigned to the ring protons (5) of the alginic acid not including
the hydroxyl protons. It is assumed that the hydroxyl peaks are disguised by the
presence of the large D2O peak around 4.78 ppm. By integrating over the vinyl peaks
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and then comparing with the area under the peaks around 4 ppm, we can calculate the
degree of modification that has been achieved. In the present reaction we show roughly
20% modification of the hydroxyl groups of the alginic acid. This reaction was not run
numerous times, but future efforts could be devoted to increasing the yield of the
reaction by varying reaction times or temperatures.
Modified alginic acid samples were complexed with CTAC immediately after
dissolving as 2 wt% solutions. These solutions were combined with an amount of
CTAC required to fully neutralize the charges along the polymer backbone. At charge
neutrality, the polyelectrolyte and surfactant form a highly-ordered, insoluble complex.
The complex was allowed to equilibrate for at least 24 hours prior to use. The structure
of the equilibrated mAA-CTAC complex was examined using SAXS and the resulting
2-D intensity profile is given in Figure 4. As observed previously for the PSS-CTAC
complexes, we see a Pm?)n cubic phase with characteristic V4, V5, V6, Vs, VlO peaks.
Other investigators have witnessed similar structures for complexes made from lightly
crosslinked polyelectrolytes, which were subsequently combined with an oppositely
charged surfactant. " These types of experiments, while interesting, do not allow for
preservation of the structure after the surfactant is removed since the gels are already
crosslinked.
Our complexes were mixed with the photoinitiator system of eosin Y, 1-
vinyl-2-pyrrilidinone, and triethanol amine. The reaction scheme is laid out in Figure 1.
Once the components were thoroughly mixed, the precipitate was again isolated via
centrifugation. It was clear that most of the photoinitiator was taken up by the complex
from the observed color change. The eosin Y solution was a vibrant pink color, and
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after mixing the supernatant became lightly colored while the precipitate turned a dark
pink hue. After centriftigation, the resulting pellet was then placed in a small Petri dish
and a portion of the supernatant was added to the dish. The complex was exposed to a
high-intensity white light source for ten minutes, flipped, and then exposed for another
ten minutes. Because the photo-initiator system absorbs at a wavelength of 532 nm,
cross-linking was attempted using a high-intensity Nd:YAG laser. Unfortunately it was
difficult to expose the entire sample using a focused laser beam. The white light source
appeared more than sufficient for the cross-linking reaction.
After crosslinking, samples turned a pale yellow color and were very firm to the
touch. No attempt was made to verify complete reaction of the methacrylate groups.
SAXS was performed on the crosslinked complex, and the resulting trace is given in
Figure 5. From this experiment it is apparent that a great deal of the original structure
was maintained during the crosslinking process. Little disruption of the original cubic
structure was observed, meaning the gel/surfactant complex is locked into its current
phase.
In an attempt to verify the structural integrity of the ordered, cross-linked
samples, the surfactant phase was removed from the complexes and then the samples
was re-examined via SAXS. The surfactant was removed by soaking the crosslinked
sample in a solution of neutral surfactant (Triton X-100) at relatively high
concentrations of sodium chloride. The high salt concentration serves two purposes: it
helps to weaken the binding interaction between the CTAC and the acid groups on the
hydrogel, and, secondly, it serves to screen the repulsive electrostatic interactions which
arise from the now naked anionic groups within the hydrogel. Without the high salt
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concentrations, the gels would swell significantly as the surfactant was removed,
potentially destroying any retained structure in the process. Samples were observed to
swell a minor amount even in the presence of high ionic strengths. No measurements
were made to determine the amount of swelling or water uptake of the samples as the
surfactant was removed.
Figure 6 shows a profile of the structure of the complex as a function of time
submerged in the neutral surfactant washing solution. It demonstrates the loss of
structure in the hydrogel complexes as the CTAC is removed. It is interesting to note
that the gel becomes less ordered, transforming from highly-complex, long-range
ordered system to a fairly disordered system displaying only a single peak in SAXS.
With longer washing times, the remaining peak shifts to smaller q before disappearing
completely. The final "surfactant-free" hydrogel shows no observable structure in X-
ray scattering profiles. Some small degree of order may remain in the system, only the
size scale of said structure may be outside of the observable range in our scattering set-
up. It is more likely that the hydrogels were unable to retain their structure without the
surfactant phase present. Calculations based on the known micelle diameters and the
spacing between micelles within the complexes indicated that individual micelles were
separated by only a few angstroms. That would mean that the walls of the crosslinked
hydrogel would be only a few angstroms thick, making them unable to withstand the
forces required to maintain the structure in the absence of the surfactant.
Current investigations are underway to use polyelectrolyte-microemulsion
complexes to form structured hydrogels. A microemulsions is a thermodynamically
stable dispersion of oil and water stabilized by a surfactant.'" These systems are
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ordered on the nanometer length scale. We have created microemulsions within
polyelectrolyte-surfactant complexes in a similar manner as that used to create a
standard microemulsion. Through the addition of a co-surfactant, the polyelectrolyte-
surfactant complexes can be made to rearrange into various structures. These
polyelectrolyte microemulsions are also capable of sequestering large amounts of
hydrophobic media (i.e. oil) in their cores. Polyelectrolyte microemulsions offer a
variety of options in terms of accessible phase structures as well as potential control
over micelle diameters. We have performed some preliminary experiments using a
mAA-CTAC-pentanol-dodecane microemulsion system in a hexagonally close-packed
cylindrical phase. It was thought that by increasing the size of the individual micelles,
we could increase the amount of polymeric material present between the micelles.
Unfortunately current efforts using microemulsions have also been unsuccessfiil in
producing nano-structured hydrogels. It is possible that alternate phases, like the Ia3d
bi-continuous phase, could be found through the use of different surfactants or co-
surfactants, and that the subsequent complexes formed could potentially lead to stable,
structured hydrogels. '
In is this author's opinion, it would be very difficult to create a structured, cross-
linked hydrogel without a sufficient amount of polymer between micelles. One way to
achieve this may be to reduce the charge density of the polyelectrolyte. Previous
experiments in our group have shown that d-spacings of the complexes increase with
decreasing polymer charge density, meaning that more polymer is required to fully
neutralize the surfactant. Thus more polymer chains are packed within the complex
between each micelle. Unfortunately decreasing the charge density of the
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polyelectrolyte also serves to reduce the amount of order within the complexes. To
increase the chances of success it would be necessary to find a balance between order
and stability within the complexes.
Conclusions
We have produced structured hydrogels from polyelectrolyte-surfactant
complexes. These gels were capable of retaining a great deal of their structure after
crosslinking, and appear to be very stable. Unfortunately, after removal of the
surfactant phase, all structure appears to be lost from the remaining gel phase. Future
efforts within our research group will be directed at the continued pursuit of structured
hydrogels through the use of polyelectrolyte-microemulsion complexes. It is our hope
that by increasing the amount of polymer between micelles, by reducing polymer
charge density or by accessing less dense phase structures, we might me able to obtain
stable, nano-structured hydrogels.
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Figure 4.1: Reaction Scheme for Modification of Alginic Acid
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Figure 4.4: Modified (O) and Unmodified (•) Alginic Acid Complexed with
CTAC. (Both Display P/m3w Cubic Structure)
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Figure 4.5: SAXS Pattern for Crosslinked Alginic Acid-CTAC Complex. Displays
Pm3n Cubic Structure
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Figure 4.6: Loss of Structure in Crosslinked Complexes, as Surfactant is
Removed, Followed by SAXS. From Bottom to Top: CTAC Still Present,
soaked in Triton X-100 for 24 hours, soaked in Triton X-100 for 7 Days
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APPENDIX A
POLYELECTROLYTE-SURFACTANT MICROEMULSIONS
As stated previously, microemulsions can be assembled within polyelectrolyte-
surfactant complexes through the addition of a co-surfactant. The co-surfactant acts to
reduce the spontaneous curvature of the system, allowing for less dense structures to
form. These structures of lower curvature are capable of accommodating large amounts
of hydrophobic media. Polyelectrolyte microemulsions are of great interest because
they could be used to sequester oils in applications such as water remediation or oil
recovery. The surfactant cores may also be used as small scale reactors for production
of nano-scale architectures.
Polyelectrolyte-surfactant complexes were first assembled using poly(acrylic
acid) and cetyltrimethylammonium chloride at a 1:1 charge ratio. To these complexes,
varying amounts of Triton X-100 were added, and, after equilibration, resulting
structural changes were monitored via SAXS. We were interested in investigating the
effect of co-surfactant incorporation level on oil uptake of the complexes. We tracked
changes in complex morphology, and quantified volume changes within the surfactant
phase as hydrophobic media was added.
Experimental
Poly(acrylic acid), cetyltrimethylammonium chloride, and dodecanol were used
as-received from Aldrich, Inc. Triton X-100 was provided by SPI Supplies.
Concentration of each component added to complex. PAA solution made up at X mM.
CTAC was added in the form of a 25 wt% solution in an amount necessary to fully
neutralize the polyelectrolyte. Triton X-100 was then added at a desired percentage of
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the CTAC component (0-50%). For example, at a level of 50% the ratio of Triton to
CTAC would be 1:2.
Results and Discussion
Triton X-100
PAA-CTAC-Triton insoluble complexes were prepared at various levels of
Triton X-100 incorporations, from 0% to 50% /wt of CTAC. The effect of added Triton
on the complex morphology can be observed in Figure A. 1 . The unmodified
PAA/CTAC complex exhibits a co-existence of Pml>n cubic and hexagonally close-
packed cylindrical phases. As the co-surfactant (Triton X-100) is added, a transition is
observed from co-existence to a pure hexagonal phase. The observed peaks at high
Triton levels are indicative of the hk^ reflections of a hexagonal array of cylinders, with
the cylinders being made up of the surfactant/co-surfactant and the intersticial space
being filled by the polyelectrolyte. We have observed in previous unpublished work
that the cubic PAA/CTAC complex is not capable of swelling significantly in the
presence of an oil phase. The co-surfactant is necessary to reduce the spontaneous
curvature of the system and allow for swelling of the micelles to accommodate uptake
of oil. Because the cylindrical phase is a continuous structure, it is capable of
incorporating a large, although limited, amount of oil.
The 50% Triton system was chosen to test the oil uptake capabilities of the
complex. To this system, we added various amounts of dodecanol and observed
through SAXS any changes in the structure. Figure A.2 shows a series of traces for
increasing levels of dodecanol addition (0-50%). It is clear from this plot that as
dodecanol levels are increased, the J-spacing of the system increases (primary 100
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hexagonal peak shifts to smaller angles), indicating that the distance between bragg
plains is increasing. This is most likely due to an increase in cylinder diameter
assuming no increase in distance between cylinders. Based on previous experiments
involving PAA/CTAC hexagonal phases under osmotic stress, we were able to calculate
the average radius of unswollen cylinders ofCTAC to be 23.1 A in good agreement
with the length of a single extended CTAC molecule. The intersticial distance between
cylinders can be calculated as (2/V3)(^(ioo)- Using the cZ-spacing measured for
unswollen complexes (~43 A) we can calculate the unit cell spacing (a) to determine the
center-to-center distance between cylinders (-49.7 A). From the measured cylinder
radius, and the (100) unit cell spacing, we estimate that the distance between individual
cylinders is a mere 4 A with no added salt. We made the assumption that this distance
between cylinders remains roughly constant as the cylindrical micelles grow in
diameter. Based on this assumption we calculated the increase in cylindrical volume
with increase in dodecanol content, and the results are plotted in Figure A. 3.
The unit cell parameter a increases with increasing levels of dodecane
incorporation, up to a maximum increase of about 70% that is witnessed at 50%
dodecanol incorporation. This means that the cylindrical micelles are capable of
incorporating almost half their weight in oil, and are capable of increasing in diameter
by about 70%. Ultimately the cylindrical micelles are limited in the amount of oil that
they can accommodate.
Octanol
Samples were prepared in the same manner as described above, with octanol in
place of Triton X-100. Increasing levels of octanol incorporation led to the
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development of a lamellar phase (Figure A.4). To this system dodecane was added
which resulted in the appearance of a hexagonal phase in co-existence with the lamellar
phase. Figure A.4 shows the increase in ^/-spacing for the 100 peak in the hexagonal
lattice, which equates to a swelling of the cylindrical micelles. As the oil level is
increased from 0-50% /wt surfactant, the ^/-spacing increases from 43.9 A to 66.9 A. In
addition there is a slight increase in the ^/-spacing for the lamellar structure. The
spacing between lamella increases from 40.9 A to 45.6 A. This seems a minor increase
in comparison with the increase in the hexagonal lattice, but in actuality the lamellar
array is capable of sequestering a much greater amount of hydrophobic media than the
cylindrical array. That is because the cylinder is constrained to two dimensions by the
curvature of its surface. The lamella are free to expand in two dimensions and are
relatively flat, so that while it appears that the lamellar micelles are not absorbing much
oil, we have found they are capable of incorporating more than 400% of their weight in
oil.
Conclusions
We have demonstrated that various co-surfactants can have a drastic effect on
the morphology of polyelectrolyte-surfactant complexes. By incorporating themselves
as part of the micellar phase, the co-surfactant is able to reduce the spontaneous
curvature of the system, allowing for structures of lower total surface curvature. Thus
cubic phases of spherical micelles are transformed to hexagonal arrays of cylinders or
flat sheets of lamella. These structures are now capable of accommodating large
quantities of lipophylic media. The combination of co-surfactant and oil creates a stable
microemulsion system within a polyelectrolyte-surfactant complex. These systems
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could one day be employed in oil recovery efforts or in day-to-day personal care
products. We hope to continue this work in order to further capture the phase map of
possible structures in multiple polyelectrolyte-surfactant systems. Certain bi-
continuous structures are of special interest as they may be employed in creating stable
nano-structured hydrogels.
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Figure A.l: SAXS Patterns for Insoluble PAA-CTAC Complexes Displaying
Morphology Transition as Triton X-100 is Added at Increasing Percentages of
Total CTAC Concentration.
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Figure A.2: SAXS Patterns for Insoluble PAA-CTAC-Triton Complexes
Displaying Morphology Transition as Dodecane is Added at Various Levels
(Percentage of Total CTAC) to Form a Microemulsion Within the Polyelectrolyte-
Surfactant Complex.
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Figure A.3: Increase in Volume of Hexagonal Cylindrical Micelles with Increasing
Dodecane Incorporation
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Figure A.4: SAXS Patterns for Insoluble PAA-CTAC-Octanol Complexes
Displaying Morphology Transition as Dodecane is Added at Various Levels
(Percentage of Total CTAC Concentration) to Form a Microemulsion Within the
Polyelectrolyte-Surfactant Complex.
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APPENDIX B
ELEMENTAL ANALYSIS OF PSS-CTAC COMPLEXES
Complexes of PSS and CTAC were observed to begin precipitating at charge
ratios above 0.75. As more surfactant was added, a greater amount of precipitate was
observed to form until complete charge neutralization was reached. This experiment
was designed to test whether the precipitates forming before complete charge
neutralization were stoichiometric or if there was any charge imbalance in the
complexes. <
. [
PSS-CTAC complexes were prepared at charge ratios of 0.8, 0.85, and 1.0. The
precipitates that formed were then isolated by centrifligation. The supernatant was
decanted, and the pellets were then vacuum dried. The precipitates were not washed so
as not to disturb the charge ratios of the isolated complexes. The dried samples were
then submitted for elemental analysis. Although elemental analysis is not the most
precise of techniques, we believed that it would be discriminating enough to determine
if the precipitates were charge neutral or not. The results from the elemental analysis
are displayed in Tables 1-3.
Table B.l: 0.8 CTAC:PSS
Element Weight %
Carbon 67.61
Hydrogen 10.34^
Nitrogen 2.90
Sulfur 6.65*
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Table B.2: 0.85 CTAC:PSS
Element Weight %
Carbon 67.76
Hydrogen 10.17^
Nitrogen 2.93
Sulfur 6.50*
Table B.3: 1.0 CTAC:PSS
Element Weight %
Carbon 68.62
Hydrogen 10.70^
Nitrogen 3.07
Sulftir 6.26*
Hydrogen levels are higher than expected due to the
hygroscopic nature of the complexes. This value was
omitted for calculation of charge ratio.
Reported sulfur levels are the average of two
successive runs.
The samples were determined to possess higher than expected hydrogen levels,
most likely due to the hygroscopic nature of the complexes. Due to this, the hydrogen
levels were not used in calculation of charge ratios. Because each individual surfactant
molecule possesses one nitrogen atom, and each charged monomer unit on the
polyelectrolyte possesses one sulfur atom, we can directly calclulate the charge ratio of
the complexes. Ratios are presented as moles of surfactant charge/moles of polymer
charge. Thus, ratios less than one indicate that there is more polymer charge than
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surfactant charge and vice versa. For the three samples (80, 85, and 100) we
determined that the charge ratios were 0.99, 1.03, and 1.12 respectively.
We believe that this proves that the precipitates are charge neutral, at least
initially, and are slightly over-charged by the surfactant above what would be the charge
neutralization point. We should note that commercially produced poly(styrene-
sulfonate) is made by sulfonation of polystyrene. This reaction is difficult to run to
completion, and, as a result, the polymer produced by this method is never fully
charged. We have determined from HI NMR that our poly(styrenesulfonate) was only
88% charged. While this may be important to the aggregation process, it can be
neglected in our calculations because the calculations were based on the measured
molar concentrations of nitrogen and sulfur. Thus, whether the polymer was fully
sulfonated or not would not affect the measured ratio.
What the degree of sulfonation did affect was the amount of surfactant added to
the polyelectrolyte before analysis. Surfactant was added at a given charge ratio based
on the assumption that the polymer was fully charged. Thus when surfactant was added
at a charge ratio of 1 .0, it was actually added at a charge ratio of ratio of ~1 . 1 3. This
number closely agrees with the measured charge ratio of 1.12.
The data seems to indicate that precipitates that form before a stoichiometric
charge ratio is reached in solution, are charge neutral none-the-less. As more surfactant
is added, additional precipitate forms that is also fiilly neutralized. Once the polymer
has been fully neutralized, it appears that additional surfactant can be incorporated into
the precipitates, causing the complexes to become over-charged by the surfactant. This
is not surprising as it is more thermodynamically favorable for a surfactant molecule to
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be placed within a micelle than it is to be free in solution. It has been observed in our
X-ray experiments that the phase structure of the complexes continues to evolve as
surfactant is added well beyond the charge neutralization point. It is believed that the
insoluble complexes will accommodate as many surfactant molecules as possible, and
the complexes appear to remain in equilibrium with the surrounding solution phase.
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APPENDIX C
SYNTHESIS AND CHARACTERIZATION OF FULLY-SULFONATED PSS
To determine whether the charge density of PSS has an effect on the association
with oppositely-charged surfactants, a fully-sulfonated sample of PSS was produced.
The reaction scheme was described previously by Mock and co-workers.' Styrene
sulfonic acid/sodium salt was used as received from Aldrich, Inc. 1 .0022 g of styrene
sulfonic acid was dissolved in 1.505 g of RO water. The monomer was not fully
soluble in water at this concentration and temperature. To this mixture, 0.001 1 5 g of
sodium persulfate initiator was added(0.1 mol% initiator). The mixture was then heated
to 95 °C. After 30 minutes, a drastic increase in viscosity was noted and 4 mL of water
were added to dilute the reaction mixture. The mixture was then returned to 80 °C and
allowed to stir for 3 hours. The resulting viscous solution was allowed to cool and then
added in a drop-wise fashion to 400 mL of ethanol with vigorous stirring. The
precipitate was filtered, washed with ethanol and then vacuum dried. The precipitate
was then redissolved in water and again precipitated in a 10-fold excess of ethanol. The
precipitate was again filtered, washed with ethanol, and vacuum dried overnight.
The final reaction yield was 68%. The purified polymer was determined to be
fully sulfonated by HI NMR. The PSS was dissolved at a concentration of 0.485 mM
and titrated with a 4 mM CTAC solution. Precipitation was again noted at a charge
ratio of roughly 0.75. Thus the strength of the interaction does not appear to have been
affected by the degree of sulfonation of the polyelectrolyte. It has been hypothesized
that the partially unsulfonated PSS could interact more strongly with an oppositely
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charged surfactant due to the hydrophobic groups along the chain. This does not
to be the case based on these prehminary experiments.
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APPENDIX D
ANL-IPNS ORIGINAL PROPOSAL
Summary explaining scientific importance or relevance
In today's world, increasingly complex blends of surfactants and polymers are
used in foods, pharmaceuticals, beauty products, and detergents. These complicated
formulations, which can be comprised of both ionic and nonionic components, have
been developed in response to consumer demand for convenient "two-in-one" products
such as shampoos with built-in conditioner and laundry detergent with built-in fabric
softener among others. For these kinds of products, a comprehensive understanding of
polymer-surfactant interactions in both dilute and concentrated regimes is key to the
successful tailoring of properties. In addition, such understanding may prove beneficial
to our environment, for example, through reduced water usage. If detergents can be
developed which are highly effective in extremely concentrated environments, the
volume of water required for a typical cleaning cycle may be reduced significantly.
Scientific Background, Goals and Description of Proposed Experiment
In order to establish a more fundamental understanding of polymer-surfactant
interactions, we need to specifically identify the factors which govern the aggregation
behavior of polymer-surfactant systems and to develop strategies to control them. To
this end, we are interested in studying polymer-surfactant interactions using neutron
scattering to investigate how factors such as salt type and concentration, linear polymer
charge density, surfactant charge, and surfactant chain length affect aggregation and
association behavior. We hope that a more fundamental understanding of the physical
chemistry of these systems will make it easier to predict and design desired properties.
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When a polyelectrolyte solution is mixed with an oppositely-charged surfactant
solution, polyelectrolyte-surfactant complexes form which can be either soluble or
insoluble, depending on the charge ratio at which they were combined." At a fixed
polymer concentration, soluble complexes can be formed at very low and very high
relative concentrations of surfactant, whereas a stoichiometric mixture will generally
result in the formation of solid, highly-ordered complexes. During this investigation,
we are interested in studying the self-assembly behavior of polyelectrolyte-surfactant
complexes in both semi-dilute aqueous solutions and under highly concentrated
conditions. Of specific importance are the structural characteristics of the complex, the
morphological sensitivity to surfactant concentration, and the overall effect of ionic
strength on the aggregation process. To this end, we have chosen to study the
interaction of a model polyelectrolyte [sodium poly(styrenesulfonate)] with
cetyltrimethylammonium chloride (CTAC), a cationic surfactant. In our previous work
on this system, we have utilized turbidity, microcalorimetry, and small angle X-ray
scattering to investigate the aggregation process in the dilute regime. We are now
interested in studying the soluble complex structure as a function of surfactant
concentration in a more concentrated regime. Since X-ray scattering is encumbered by
a high level of incoherent background scattering from H2O, and is relatively insensitive
to the contrast between polymer and surfactant moieties, we believe that small-angle
neutron scattering (SANS) would be an ideal technique for investigating the overall
structure of these complexes.
Small-angle neutron scattering has been used in many past experiments to study
the structure of protein-sodium dodecylsulfate (SDS) complexes.^ '* Molecular weight
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determinations via gel electrophoresis are commonly performed on proteins in the
presence of SDS, which is used primarily as a denaturing agent. In past studies^' ^, it
was assumed that the SDS micelles decorated the backbone of the protein chain, like
beads along a necklace. Chen and Teixeira''(ref) used this necklace model to develop
their own "fractal model", which regards all of the micelles as uniform ellipsoids of
revolution randomly distributed along a flexible protein chain. It has been shown tha
this model adequately fits the SANS data for protein-SDS complexes under certain
experimental conditions. This model was designed for dilute protein solutions in that it
assumes polymer-polymer interactions are negligible. It also assumes that the micelle-
micelle correlation is limited to a finite range, due to random placement of micelles
along isolated protein chains. These assumptions may or may not be applicable to the
entire range of our experimental conditions, but we believe this model serves as a good
starting point and could be modified if the need should arise.
In the dilute regime, we are interested in analyzing the compexation process as a
function of surfactant concentration and ionic strength. We would like to be able to
monitor relative aggregate size, average number of micelles bound to an individual
chain, aggregation numbers, and any morphological changes associated with the
complexation process. At higher concentrations of both polymer and surfactant, a
soluble complex is formed. As the solution is diluted with water, an insoluble complex
forms. We are interested in studying this process and answering some of the following
questions: What is the structure of the soluble complex? What changes occur within
the complex as the solution is diluted? •
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Based on previous results, we believe that contrast in our experiment will be
provided by the difference between the scattering length densities of D2O and the
hydrocarbon-rich micellar core. Further, we assume that the contrast between our
polymer and the D2O can be neglected because it is rather small when compared to that
of the micelles, as long as the polymer concentrations are relatively low. In dilute
solution the micellar scattering length density is estimated to be at least three times
larger that that of the polymer. These estimates should be applicable to most of our
systems.
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APPENDIX E
ALTERNATE PHOTOCROSSLINKABLE POLYELECTROLYTE
An alternative approach for producing a photo-crosslinkable polyelectrolyte was
attempted as described by Laschewsky and Wischerhoff/ Although this approach was
abandoned, the methods used are presented for ftiture reference.
Poly(4-vinylpyridine) (PVP), nitroethane, nitrobenzene, bromoethane and 4-
vinylbenzyl chloride were used as received from Aldrich, Inc. In a 100 mL three-
necked round-bottom flask, 300 mg ofPVP were dissolved in 5 mL of ethanol, 5 mL of
nitroethane, and 1 mL of nitrobenzene. To this mixture, 220 mg of 4-vinyIbenzyl
chloride were added. (Figure E.l)
The pale yellow solution was shielded from light, heated to 60 °C, and allowed
to stir for three days. One day into the reaction a color change was observed from pale
yellow to a pale salmon color. On day three, the reaction was stopped, and the mixture
was found to be a dark salmon color. The mixture was allowed to cool to room
temperature and then 1.1 g of bromoethane was added. This was allowed to react for
two additional days at 40 °C.
The first reaction step was difficult to control and reagent purity seemed to be
very important. Because of these difficulties, this reaction scheme was abandoned in
favor of the reaction described in Chapter 4. It is hoped that by using photo-
crosslinkable polyelectrolytes we might be able to rapidly capture structures within
polyelectrolyte-surfactant complexes. Future efforts may be directed at continuing with
this research.
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Figure E.l: Reaction Sequence for the Modification of PVP to Form a Photo-
Crossiinkable Polyelectrolyte
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